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SUMMARY 
 
Because of its excellent and unique physical properties, ZnO nanowires have been widely 
used in numerous scientific fields such as sensors, solar cells, nanogenerators, etc. Although it is 
believed that single crystal ZnO has a much higher electron transfer rate than TiO2, it was found 
that ZnO nanowire-based dye-sensitized solar cells (DSSCs) have lower efficiencies than TiO2 
nanoparticle-based DSSCs because the density and surface area of ZnO nanowires are usually 
lower than that of TiO2 nanoparticles, limiting the cell’s light absorption, and because the open-
root structure of ZnO nanowires results in electron back transfer that causes charge shortage of 
the cell. Here, experimental studies were performed that utilize strategic manipulations of the 
design of the ZnO nanowire based DSSCs in efforts to address and solve its key challenges. It 
was shown that by incorporating various blocking layers into the design of the cell, the 
performance of the DSSC can be improved. Specifically, by placing a hybrid blocking layer of 
TiO2-P4VP polymer between the substrate and the ZnO nanowires, the conversion efficiency of 
the cell is 43 times higher than that of a cell without this blocking layer due to the reduction of 
electron back transfer. Furthermore, in efforts to improve the surface area of the ZnO nanowire 
array, unique three dimensional structures of ZnO nanowires were fabricated. It was found that 
by significantly improving the overall density and surface area of the ZnO nanowire array 
through distinctive hierarchal nanowire structures, the light harvesting efficiency and electron 
transport were enhanced allowing the DSSC to reach 5.20%, the highest reported value for 3D 
ZnO NW based DSSCs.   Additionally, the development of a theoretical model was explored in 
efforts to investigate how the geometry of ZnO nanowires affects the incident photon-to-current 
conversion efficiency of 1D ZnO nanowire-based N719-sensitized solar cells at the maximum 
absorption wavelength of 543 nm.  
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CHAPTER 1 
INTRODUCTION 
1.1 Thesis Motivation 
Recently, there has been an increasing concern regarding the international energy crisis 
and many researchers and politicians have acknowledged that the mismatch between the energy 
demand and energy supply is the most challenging issue that our planet faces today. Richard 
Smalley, the 1996 recipient of the Noble Prize in Chemistry, will be remembered most for his 
commitment to increasing global awareness about the terawatt challenge. The term “terawatt 
challenge” comes from the astounding statistic of 2004, in which the world used approximately 
220 million barrels of oil per day (i.e., approximately 14.5 terawatts (TW) ) of energy in one 
single year [1, 2].  Most of this consumed energy came from the use of oil, coal, and gas which 
leads to significant environmental concerns with the high levels of CO2 emissions into the air. It 
is predicted that the world energy needs will increase at an  annual rate of 2%; therefore there has 
to be a collective effort to provide an annual production of energy that is twice the demand using 
renewable sources of energy [2, 3]. 
Today, investing in renewable energy sources has been at the forefront of scientific and 
political conversions. Moreover, solar energy is the most abundant renewable energy source that 
we have with its continuous supply of about 1.2 x 10
5 
TW from the sun to planet Earth [4]. In 
fact, the sun delivers 4.6x10
20 
Joules of energy to Earth in one single hour, which equals the 
annual rate of world energy consumption [4]. In 2007 at the Materials Research Society Meeting 
in San Francisco, Nate Lewis acknowledged the fact that six land farms of solar cells with 10% 
efficiency supplying about 3.3 TW of energy could be strategically placed around the world to 
adequately supply the current global energy needs [5]. However, this large scale project would 
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undoubtedly be too costly since it would require an average of  $0.30 per kilowatt-hour for this 
solar technology [5]. Yielding to the teachings of Smalley and Lewis, many researchers around 
the globe have dedicated much time to investigating ways to make renewable energy sources 
economically feasible. Before his death in 2005, Smalley declared that “innovations in 
nanotechnology and other advances in materials science would make it possible to transform our 
vision of plentiful, low-cost energy into a reality [2].”  
In particular, dye-sensitized solar cells of the third generation of solar cells have become 
a very interesting and practical alternative for advances in solar cell technology. The working 
mechanism of the dye-sensitized solar cell is unique in that it does not follow the principles of 
the traditional p-n junction solar cell. The dye sensitizer absorbs the photons, while the role of 
the semiconductor film is to facilitate charge transport to the collecting transparent conductive 
oxide glass substrate.  Since its introduction into the science community in 1991, the 
nanocrystalline photoanode in dye-sensitized solar cells have predominantly been comprised of 
titanium (TiO2) nanoparticles. With efficiencies reaching a plateau of 11-12% for TiO2 
nanoparticle-based dye sensitized solar cells [6, 7], many researchers became very interested in 
studying the dye-sensitized solar cell performance of alternative semiconducting nanomaterials.  
Specifically, Zinc Oxide (ZnO) has been an ideal alternative to TiO2 because ZnO has a similar 
conduction band edge that is appropriate for proper electron injection from the excited dyes; 
moreover, ZnO provides better electron transport due to its higher electronic mobility [8]. 
Over the past decade, there has been a heightened interest in using ZnO nanowires as the 
semiconducting photoanode in dye-sensitized solar cells. Utilizing wide-band gap semiconductor 
nanowires (e.g., ZnO nanowires) instead of TiO2 nanoparticles has been thought to be very 
advantageous because i) the nanowire morphology allows for electrons to travel a more direct 
3 
 
conduction path from the point of injection to the point of collection, and ii) the nanowires 
possess a large enough surface area for adequate dye adsorption [9].  The nanowire photoanode 
has a very fast electron injection rate and the electron diffusivity in crystalline wires (specifically 
ZnO nanowires) has been reported as several orders of magnitude larger than electron diffusivity 
within TiO2 nanoparticles [10-13]. The superior electron transport within the nanowire 
photoanode can be attributed to its  higher crystallinity and the presence of an internal electric 
field that facilitates electron transport to the collecting glass substrate by effectively separating 
the injected electrons from the oxidized species of the electrolyte; this, in turn, improves the 
charge collection efficiency [10]. Furthermore, nanowires can be synthesized at low 
temperatures, which allow the use of various substrates including polymers, and the employment 
of low temperatures greatly reduces energy costs. However, researchers have yet to fabricate 
ZnO nanowire-based DSSCs with efficiencies similar or higher than TiO2 nanoparticle-based 
DSSCs. Although the vertical nanowire morphology has many advantages, there is also a critical 
disadvantage.  Compared to the closely packed nanoparticle thin film, more uncovered substrate 
surface between the nanowires is present in the vertical nanowire array. These open spaces lead 
to direct contact between the electrons at the conducting glass substrate and either the oxidized 
dye molecules or oxidized species in the electrolyte during the charge transport process. This 
phenomenon is known as either electron recombination or electron back transfer. Interestingly, 
many have referred to the occurrence of electron back transfer as the most crucial limitation of 
dye sensitized solar cells as it severely affects its performance by short-circuiting the cell. It is 
thought that by placing a barrier layer between the conducting glass substrate and the nanowires, 
the contact at the conducting substrate-electrolyte interface can be significantly reduced or 
avoided completely.  
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Another major challenge of ZnO nanowire-based dye sensitized solar cells stems from 
the lower surface area of the ZnO nanowire array to that of the network of TiO2 nanoparticles on 
the substrate. By having a larger surface area, the nanocrystalline photoanode is able to absorb a 
greater amount of the incoming light. Thus, improvements in the surface area of the ZnO NW 
array used for the dye-sensitized solar cell will significantly enhance the light harvesting 
efficiency, which in turn results in an overall increase in the power conversion efficiency of the 
cell. In addition to providing better charge collection, the use of very long and dense ZnO 
nanowire arrays results in a greater surface area that is necessary for an increase of adsorbed dye 
molecules, which leads to improved light harvest efficiency [10]. As an alternative to 
synthesizing longer nanowires, the concept of producing dense hierarchal nanowire structures 
should also yield larger surface areas needed to improve the conversion efficiency of ZnO 
nanowire-based dye-sensitized solar cells. 
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1.2 Thesis Overview 
  
The following is a general outline of this thesis.  Chapter 2 will provide an extensive 
literature review that will serve as a guide for understanding the following chapters. This detailed 
review will be based primarily on i) the properties, characteristics, and attractive uses of ZnO 
and its nanomaterials; and ii) the fundamental principles of photovoltaics and particularly 
advancements of dye-sensitized solar cells within the nanotechnology field. Chapter 3 will focus 
on i) the fabrication of ZnO nanowires based on a hydrothermal process synthesis; and ii) an 
investigative study of ZnO morphology based on varied synthesis conditions.  Chapter 4 will 
discuss in detail a mathematical model that approximates the incident photon-to-current 
conversion efficiencies of 1D ZnO nanowire-based dye-sensitized solar cells under various 
conditions. Chapter 5 will examine various methodologies to improve the overall power 
conversion efficiencies of ZnO nanowire-based dye-sensitized solar cells via i) a blocking layer 
incorporated into the solar cell design; and ii) the fabrication of a three-dimensional solar cell 
design. Lastly, Chapter 6 will then conclude all major findings and rationalizations from this 
research project. 
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CHAPTER 2 
LITERATURE REVIEW 
2.1 Zinc Oxide 
2.1.1 Zinc Oxide Properties 
 
Zinc Oxide (ZnO) is an inorganic binary compound belonging to the II-VI semiconductor 
materials group. Because of its many unique qualities, there has been an overwhelming amount 
of research studies dedicated to ZnO and its applications in a wide arrange of scientific fields 
[14]. One of the most attractive properties of this semiconductor is its wide bandgap of ~3.37 eV 
at room temperature.  A semiconducting material with a wide band gap has the ability to be 
effective during processes at high temperature and power, and also with operations applying 
large electric fields [15]. Moreover, there has been a recent interest in the field emission 
characteristics of ZnO.  Researchers believe that ZnO nanomaterials are desirable electron 
emitters because, like carbon nanotubes (CNT), they have large aspect ratios that can attain high 
electric fields at the tips of the nanostructure for electron emission under conditions of 
reasonable applied voltages [16]. ZnO nanostructures also have turn-on and threshold field 
values comparable to CNTs as well. The turn-on field and the threshold field are defined as the 
macroscopic fields required to produce a current density of 10 μA/cm
2
 and 10 mA/cm
2
, 
respectively [17]. The emission current density can be evaluated by applying Equation 2.1, the 
Fowler-Nordheim equation [17]:  
   
     
 
         
 
 
  
                                                (2.1) 
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where J is the emission current density (A/cm
2
), E is the macroscopically applied electric field in 
V/cm, and β is the field enhancement factor, A and B are both constants with values of 1.56 × 
10
10
 (A·V
–2
·eV) and 6.83 ×10
3 
(V·eV
–3/2
·μm
–1
), respectively, and Φ is the emitter work function, 
which is around 5.4 eV for ZnO [17].  
Other desirable characteristics of ZnO include its near UV emission, large exciton 
binding energy around 60 meV that allows sufficient excitonic emission within the UV range at 
298K, visible light transparency, transparent conductivity and piezoelectricity, biocompatibility, 
structure and property controllability, and simplicity of synthesis process [14, 16]. Some of the 
many applications that utilize the distinctive properties of ZnO (particular ZnO nanowires) 
include sensors [18-21], UV photodetectors [22-26], light-emitting device arrays [27], field-
effect transistors [28], p-n junction diodes [29], Schottky diodes [30], optoelectronic nanocircuits 
[31],  dye-sensitized solar cells [32], biomedical sciences [33, 34], and spintronics [35].  
 
 
  
8 
 
2.1.2 Zinc Oxide Crystal Structure 
 
ZnO can take on three of the following crystal structures:  wurtzite (B4), zinc blende 
(B3), and rocksalt (B1), as schematically shown in Figure 2.1 [15]. ZnO crystallizes into the 
rocksalt (NaCl) structure at relatively high pressures, while the zinc blende ZnO structure exists 
only upon growth on substrates with the proper cubic lattice [15]. The most thermodynamically 
stable structure for ZnO, however, is the wurtzite structure. The wurtzite structure has a 
hexagonal unit cell with space group C6mc and lattice parameters a = 0.3296, and c = 0.52065 
nm, where the O
2-
 and the Zn
2+
 create alternating planes of tetrahedral coordinated units [14]. 
 
 
 
 
Figure 2.1 Stick and ball representation of ZnO crystal structures: (a) cubic rocksalt (B1), (b) 
cubic zinc blende (B3), and (c) hexagonal wurtzite (B4). The shaded gray and black spheres 
denote Zn and O atoms, respectively [15]. 
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2.2 Zinc Oxide Nanomaterials 
 
2.2.1 Synthesis Techniques for Zinc Oxide Nanowires 
 
Of all the various morphologies of ZnO nanostructures, ZnO nanowires have become 
increasing popular for various scientific functions. There are numerous techniques used to 
synthesize vertically aligned ZnO nanowires including vapor-liquid-solid processes (VLS), 
solution-based processes, electrodeposition, sol-gel, and polymer-assisted growth [36-46]. VLS 
procedures operating at rather high temperatures between 900-1400°C have been a very popular 
and proficient means of synthesizing aligned ZnO nanowires. Additionally, the vertical 
alignment of ZnO nanostructures can be assisted by either an electric field [47] or through the 
use of lithographic patterning techniques [48]. Moreover, desirable alignment is achieved by 
proper lattice matching between ZnO and the epitaxial substrate [46, 49].  
It is very important to have aligned nanowires for specific applications such as light-
emitting diodes, field-effect transistors, and lasers [14]. In VLS, there is a metal (e.g., Au, Fe, or 
Sn) that serves as a catalyst to promote the reaction between the specific nanowire component(s) 
and the liquid alloy drops that form for preferred site deposition [15]. Au is most commonly used 
as the catalyst for VLS- based one-dimensional ZnO growth. Once the liquid is supersaturated 
with the reactants, nanowire growth is initiated [15]. Nanowire growth is terminated when either 
the reactants are completely used or when the catalyst is no longer in the liquid state due to 
temperature cooling below its eutectic temperature [15]. Moreover, during growth, the aligned 
growth of nanowires perpendicular to the substrate can be achieved when there is a negligible 
lattice mismatch between the nanowire array and the substrate [14, 15].  The SEM images of 
aligned nanowires grown on AlGaN substrates via the VLS process using a gold catalyst are 
provided in Figure 2.2. 
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Figure 2.2 (a) SEM image of aligned ZnO nanowires grown on sapphire substrate using a thin 
layer of gold as catalyst. (b) SEM images of gold catalyst patterns using PS sphere monolayer as 
mask. (c) SEM image of aligned ZnO nanowires grown with a honeycomb pattern [50]. 
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Another method that is very efficient in producing epitaxial growth of well-aligned ZnO 
nanowires is the metal-organic chemical vapor deposition (MOCVD) method [51-56]. Here, 
metal-organic precursors are used to aid the growth process. Some of the advantages of MOCVD 
over the VLS processes is that it has a catalyst-free growth mechanism, and much lower 
temperatures can be employed (350-500°C). Furthermore, Zhang et al. have applied MOCVD to 
discover a feasible means of  obtaining the growth of ZnO ( c-axis) normal to the substrate, 
which  demonstrates the significance of MOCVD in large area industrial ZnO applications [57]. 
Typically in the MOCVD process, metal alkyls such as dimethyl zinc (DMZn) or diethyl zinc 
(DEZn) are used as the precursors that prompt ZnO deposition through its vapor phase chemical 
reactions on the substrate [15].  Typical substrates used in MOCVD include SiC, Al2O3 
(sapphire), GaN/Si, and GaN/sapphire. The function of the carrier gas (e.g.,O2, N2, or Ar) is to 
transport the precursor reaction into the growth region. Moreover, it is important for the 
precursors that are employed to be as less reactive as possible with the carrier gases to lessen the 
effects of parasitic reactions in the vapor phase [15]. Figure 2.3 provides SEM images of aligned 
nanowires grown on sapphire (0001) substrates via MOCVD using O2 gas and DEZn as reaction 
precursors, N2 as the carrier gas, and employing substrate temperatures ranging from 400-500°C. 
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Figure 2.3 SEM images of ZnO nanorods formed on sapphire (0001) substrates. (a) Images 
observed from a cleaved surface. (b) Images taken with a tilt angle. (c) Image of the top of a 
single ZnO nanorods [56]. 
 
Although these previously mentioned processes are highly efficient and dominant in the 
synthesis of ZnO nanowires, solution-based processes result in sufficient nanowire structures and 
have proved to be more beneficial due to their simplicity and economic feasibility under less 
rigorous synthesis conditions. Furthermore, the employment of even lower temperatures (65-
95°C) in the solution-based method allows feasible synthesis of ZnO on polymers, while other 
methods cannot be used for that purpose. Thus, with the solution-based method, soft and flexible 
substrates can be fabricated.  In the solution-growth method, the substrate must be first coated 
with a ZnO seed layer. Seed application can be done several ways including spin-coating, dip-
coating, drop-coating, and sputter-coating [45, 58, 59]. Typical substrates used to grow the ZnO 
nanowires include silicon substrates and doped conductive glass substrates, such as fluorine-tin 
oxide (FTO) and indium tin oxide (ITO) glass, for photovoltaic devices such as dye-sensitized 
solar cells. For the hydrothermal process, an equimolar aqueous solution of zinc nitrate 
hexahydrate and hexamethylenetetramine (HMTA or HMT) is typically used to grow the ZnO 
nanowires onto a specific substrate. There are other zinc compounds used as starting reactant 
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components to synthesize the ZnO nanowires, such as zinc chloride and zinc acetate; the various 
starting reactants used tend to vary the morphology of the ZnO nanostructure. However, the sole 
use of zinc nitrate hexahydrate and HMTA as the starting components has been widely reported 
and accepted; and thus, it is suggested that ZnO nanowires can be produced from these reactants 
via the following series of chemical reactions, A-E [14]: 
 
 
  
 
 
These given chemical reactions manage the growth of ZnO nanowires and the final result of 
these equilibrated reactions can be influenced by altering the reaction conditions including the 
initial precursor concentration, reaction temperature, and growth time [14]. Specifically, the 
initial concentration of the starting reactants influence the NW density, while the reaction 
temperature and growth time generally affect the ZnO NW morphology [14].  An SEM image of 
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vertically aligned nanowires grown on FTO substrates via a hydrothermal method employing an 
85°C growth temperature is provided in Figure 2.4. 
 
 
 
 
 
 
Figure 2.4 SEM image of the hydrothermally grown ZnO nanowires was taken at a 45° tilt. The 
inset is the top-view SEM image [60]. 
 
 
2.2.2 Morphology Control of Zinc Oxide Nanostructures from Aqueous Solution 
 
The ability to control the shape, size, and orientation of ZnO nanostructures on the 
substrates is instrumental in engineering high performance photovoltaic devices. Govender et al. 
conduct a study investigating how the specific morphology of ZnO nanostructures is affected by 
several process factors including the reaction temperature, reaction growth time, nature of the 
substrate, solution pH,  ionic strength and ligands [61]. However, before one can fully 
understand the effects of these experimental conditions, it is important to realize that a 
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supersaturated solution is needed to initiate crystallization and the specific degree of 
supersaturation determines the resulting crystal morphology [61].  As seen in Figure 2.5, there 
are three major degrees of supersaturation corresponding to varying growth regions. 
 
 
Figure 2.5 Relationship between supersaturation in deposition baths, rate of crystal growth and 
morphology [61]. 
 
 
 
  
 Govender et al. found that when the pH is lowered from 6.8 to 5 for an experimental 
condition of ZnO grown on ZnO template layers on FTO glass using an Zinc Acetate/HMTA 
aqueous solution bath, the average diameter is smaller and the nanowires have well-developed 
crystal faces [61]. It was also found that while there is much complexity involved with the 
effects of ionic strength on ZnO crystal growth, it can be concluded that increasing ionic strength 
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causes a decrease in the width of ZnO nanowires [61]. This study also captured the influence of 
ligands on crystal morphology. While several reports have investigated the effect of ligands on 
ZnO crystal growth and morphology [62, 63], an important concept suggested here is that the 
hydrolysis of the Zn
2+
 cation can be controlled by the slow release of hydroxide, which is 
generated by the chemical breakdown of a Lewis base such as HMTA, ethylenediamine (en), or 
triethanolamine (TEA) at high temperatures, into the zinc salt solution [61]. Lastly, Govender et 
al. also examined the differences, if any, of the growth of ZnO crystal structures on four different 
types of substrates: 1) Au-coated FTO glass; 2) ZnO template layers on FTO glass; 3) FTO glass; 
and 4) single crystalline (0001) sapphire [61]. Their results reveal that more dense nanostructures 
can be synthesized on fluorine doped tin oxide glass as opposed to using crystalline sapphire. 
The qualitative results of the ZnO crystal structures grown on these four substrates can be seen in 
Figure 2.6.  
 
 
Figure 2.6  SEM images of ZnO films from aqueous solution (25mM Zinc Acetate and 25mM 
HMTA, pH 5, 90 °C, 1 hour) on a) Au-coated TO(F) glass; b) ZnO template layers on TO(F) 
glass; c) TO(F) glass; and d) crystalline (0001) sapphire [61].  
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Schmidt-Mende and MacManus-Driscoll reported a summary of the studies on solution growth 
and the resulting structures. This summary can be found in Table 2.1.  
 
Table 2.1 Summary of Different Results and Methods for Aqueous Solution Growth.  Adapted 
from [64] 
Growth Solution Resulting Morphology Focus of Investigation 
Zinc nitrate, HMT Nanorods, microtubes On Si and conducting glass 
substrates [65, 66] 
Zinc nitrate, HMT Nanorods, nanotubes Influence of substrate and seed 
layer [67] 
Zinc nitrate, HMT Aligned nanowire arrays Influence of seed layer [68] 
Zinc-nitrate, HMT, citrate Oriented nanocolumns, 
nanoplates 
Control of aspect ratio: addition 
of citrate anions decreases aspect 
ratio [69] 
Zinc nitrate, zinc acetate, HMT Highly aligned nanorods Influence of substrate and seed 
layer [70] 
Zinc nitrate, triethanolamine, HCl 
(pH 5) 
Ordered nanorods Influence of substrate and counter 
ions in growth solution [71] 
Zinc nitrate, thiourea, ammonium 
chloride, ammonia 
Nanowires, tower- like, flower-
like, tube-like 
Influence of reactants, substrate 
pretreatment, and growth time 
and temperature [72] 
Zinc acetate, sodium hydroxide, 
citric acid 
Disk-like, flower- like, nanorods Influence of pH on growth 
solution [73] 
Comparison of different growth 
solutions 
Star-like, nanorods Influence of reaction conditions: 
ligand, counter-ions, pH, ionic 
strength, and deposition time 
Influence of substrate/ seed layer 
[61] 
Zn foil, zinc sulfate, ammonium 
ions, sodium hydroxide 
Nanobelt arrays, ordered 
nanowires 
Influence of temperature and 
concentration of solutions [74, 
75] 
 
 Andrés-Vergés et al. have also done studies on ZnO crystal morphology. They looked at 
experimental conditions for both Zinc Chloride/HMTA and Zinc Nitrate/HMTA starting 
reactants [76]. They were able to determine under which precursor concentrations and reaction 
temperature produced the needle-like structures and those that produced the prism-like (nanorod) 
structures. Tables 2.2 and 2.3 provide the data from their study for the Zinc Nitrate/HMTA 
solutions and Zinc Chloride/HMTA solutions, respectively.  
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Table 2.2 Effect of the Reactant Concentrations on the Morphology of Zinc Oxide Particles 
(from Zinc Nitrate Solution) [76] 
 
 
 
 
Table 2.3 Effect of the Reactant Concentrations on the Morphology of Zinc Oxide Particles 
(from Zinc Chloride Solution) [76] 
 
 
 
Both sets of data are based on the temperature increase from 78°C to 100°C. From these tables 
one can see that for majority of the starting concentrations of Zinc Chloride and HMTA, as you 
increase the temperature, the morphology changes from prism or rod-like shapes (P) to needle-
like shapes (N) [76]. The SEM images of their synthesized prism and needle ZnO crystal 
structures can be seen in Figure 2.7. 
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Figure 2.7 SEM of ZnO crystal structures obtained at 100°C after 30min of ageing from: (a) 20 
mM ZnC12- 50 mM HMT to produce the needle shape; (b) 50 mM Zn(NO3)2 -50 mM HMT to 
produce the  prism shape [76]. 
 
Liu et al. studied the effect of seed layer thickness on the density and diameter of nanowires [77]. 
Though a report prior to their studies concluded the opposite trend [78], Liu et al. were able to 
determine that i) the density of nanowires is greater in areas of greater seed layer thickness, and 
ii) the diameter and height of the nanowires decreases with increasing seed layer thickness [77]. 
Obviously with smaller diameter nanowires, there is more space to have a denser array of 
nanowires. Liu et al. suggest a possible explanation based on the fact that i) “the crystal size is 
smaller on a thicker seed layer, and ii) the consumption of Zn
2+
 may be higher at the areas with 
dense nanowires” causing the growth rate to be slower in less dense areas [77]. This would lead 
to shorter nanowires and if the growth rate is slower for the sidewalls of the nanowires, then the 
diameters would be smaller as well. Moreover, they identified a critical seed layer thickness ( ~ 
3.5 nm) in which the ZnO seeds are thick enough to withstand the etching that occurs in order to 
successfully grow dense ZnO nanowires [77].   
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 Finally, Xu et al. have reported a liquid-phase chemical process for growing ultralong 
ZnO nanowires with lengths up to 33 µm [79]. During solution growth reactions, ZnO also forms 
in the bulk solution, which limits the amount of reactant consumption by the ZnO nanowires on 
the substrate. This ultimately causes the nanowire length to be shorter due to the impedance of 
the nanowire growth rate. Many have suggested that longer nanowires can be synthesized by 
refreshing the growth solution every 2-3 h for long periods of time; yet the length of the 
nanowires are still under 20µm [10, 80, 81]. However, Xu et al. have shown a way to avoid 
growth of ZnO in the bulk solution by adding end-capped polyethylenimine (PEI) and 
ammonium hydroxide to the zinc nitrate/HMTA growth solution as a means of preventing 
homogeneous nucleation [79]. They believe that PEI selectively adsorbs onto certain crystal 
faces in the bulk solution, acting as steric hindrance to the growth of ZnO on these specific faces. 
The PEI does not prevent growth on the seeded substrate because the seeds are large enough to 
be unaffected by the blocking of PEI, allowing the crystal faces on the substrate to maintain 
exposure to the reactants [79]. With their preferential growth process, long nanowires of ~ 17 µm 
can be grown solely on the seeded substrates in 7 h without refreshing the growth solution and 
33µm long nanowires can be obtained by refreshing the growth solution every 3.5 h [79]. In 
Figure 2.8, a comparison is shown between their preferential method and the typical liquid-phase 
deposition method. In both processes, nanowires grow longer with increasing reaction time; 
however, the preferential growth process allows for a much higher growth rate resulting in 
longer nanowires [79]. The SEM images of these ultra long nanowires are provided in Figure 
2.9.  
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Figure 2.8 Comparison of wire growth by using the preferential growth process developed in 
this study and the bulk liquid-phase deposition method reported in the literature. The wire length 
is plotted as a function of growth time at different growth conditions [79].  
 
 
 
  
 
Figure 2.9 SEM images of arrays of ZnO nanowires in varied lengths via a preferential growth 
method. Scale bar, 10 μm. Wire length (a) 11 μm, (b) 17 μm, (c) 22 μm, (d) 27 μm, (e) 33 μm 
[79].   
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2.3 Photovoltaic Principles and Concepts 
2.3.1 History of Photovoltaics 
 
Photovoltaic cells function to directly generate electricity through solar conversion. 
Throughout history, scientists across the world have continually made progress regarding the 
advancement of photovoltaic technology. In 1839 French physicist, Alexandre-Edmond 
Becquerel, conducted experimental tests using a platinum electrode-electrolyte set up and 
witnessed the generation of electrical current upon light exposure [82]. Despite its low 
efficiency, Charles Fritts, an American scientist, fabricated a solar cell based on selenium wafers  
in 1883 [83]. Yet, there was still much research and experiments to be done to fabricate higher 
performing photovoltaics. 
In 1921, Albert Einstein won the Nobel Prize for his report of what is now considered to 
be the fundamental principle of present photovoltaics (i.e., the process in which photo-induced 
electrons jump from the valence band to the conduction band followed by transfer through the 
external circuit) [84]. Later, the first practical solar cells were built by researchers at Bell 
Laboratories, in which these  p-n junction silicon based cells provided conversion efficiencies 
between 5-10%, but these cells also required expensive production costs [85, 86]. The 
mechanism of p-n junction solar cells is considered to be the traditional fundamental mechanism 
of solar cells. This type of cell is comprised of an 1) n-type layer (i.e., layer doped with group V 
materials that have excess electrons) working as the donating anode;  2) p-type layer (i.e., layer 
doped with group III materials that lack electrons, creating holes) working as the accepting 
cathode; and 3) the p-n junction, which is the connection of the two layers [3]. Light absorption 
occurs in the p-n junction, and consequently the photogenerated electron-hole pairs are produced 
through electron excitation from the valence band to the conduction band [3].  
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Throughout the 1950’s and 1960’s, there was more research being conducted to improve 
the performance and lower the cost of these silicon based solar cells, also known as the first 
generation of solar cells. In 1969, the team at the Exxon lab in New Jersey were able to 
significantly reduce the cost of silicon based cells , which proved to be an enormous 
breakthrough since this was right before the  oil shock of late 1973 when most oil companies 
became very interested in economical alternate sources of energy [87].  
Extensive research continued over the next decade and there had been relatively high 
efficiencies for first generation Si-based solar cell, but at a high manufacturing cost. But 
researchers did not just want to make incremental improvements with these solar cells. Instead 
they were determined to figure out how to really evolve the state of photovoltaics that would 
ultimately help lower the manufacturing cost of these cells. This is when the second generation 
of solar cells was introduced. The second wave of photovoltaic technology was based on thin 
film technology. These cells also utilized the traditional p-n junction basis to separate photo-
induced charge carriers. 
Amorphous and crystalline Si on glass (CSG) were among this new group of second 
generation solar cells. Additionally, polycrystalline CdTe was among the first photovoltaic thin 
film materials introduced, and its highest reported efficiency is about 16.5% [3]. There were 
concerns with the toxicity of CdTe, and so CuInSe2 (CIS) thin film cells were studied, as well as 
the CuInGaSe2 (CIGS) thin film technologies. CIGS has shown to have great potential as it has 
confirmed efficiencies of nearly 20% and has proven to lower manufacturing production energy 
[3]. While the production costs have been lowered, the second generation cells have not 
bypassed the maximum efficiencies of the first generation. Moreover, multi-junction cells have 
really been an impressive type of second generation cell because its performance is seen as 
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highly competitive, and in some cases superior, over the first wave of cells with reports of 
efficiencies greater than 30% [3]. However, due to its high manufacturing costs, multi-junction 
cells can only be instrumental in areas where large expenditures are not a major limitation.  
While some researchers have moved on to developing the next phase of solar cells based 
on new mechanisms, others still continue to experiment with ways to enhance cells based on the 
p-n junction phenomena. Recently, there has been research on p-n junction solar cells that 
incorporate nanowires. Garnett and Yang have reported their research on a low energy and 
scalable process for silicon nanowire p-n junction solar cells, in which they fabricate wafer scale 
arrays of n-type Si NWs via a solution-phase etching method, and deposit a p-type amorphous Si 
via low pressure chemical vapor deposition [88]. Figure 2.10 shows the illustration and cross-
sectional SEM image of a Si NW n-p core-shell solar cell. They report an efficiency of only 
0.5% for this particular type of Si p-n junction solar cell [88], but with more studies it is likely to 
increase.  
 
 
 
Figure 2.10 (a) Schematic cell design with crystalline n-Si NW core in brown, the 
polycrystalline p-Si shell in blue, and the back contact in black. (b) Cross-sectional SEM of 
vertically aligned NWs used in the device [88]. 
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As mentioned before, researchers have now begun to create the third generation of solar 
cells. The goal of third generation solar cells is to find practical ways to improve performance 
(increase the conversion efficiency) and maintain a much lower production cost than the solar 
cells in the first two generations. The most interesting fact about these new types of solar cells is 
that they do not function under the traditional p-n junction working principle. Examples of these 
third generation cells are organic polymer solar cells, and dye-sensitized solar cells. Despite low 
efficiencies currently being obtained (~5% or less), photovoltaic devices based on high mobility 
polymers have shown potential for application as a renewable energy solution, and in particular 
the bulk heterojunction concept has been applied to organic polymer cells resulting in improved 
efficiencies [89]. The dye-sensitized solar cell is another rapidly advancing type of third 
generation solar cell that is governed by a different working principle. The mechanism and the 
impressive evolution of dye-sensitized solar cells will be discussed extensively throughout the 
next section and the remainder of this report. The best laboratory efficiencies of the major 
photovoltaic technologies over the past 35 years are charted in Figure 2.11. The third generation 
solar cells are considered “Emerging PV” in the chart.  
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Figure 2.11 Best researched solar cell energy conversion efficiencies from 1976-2011(from 
National Renewable Energy Laboratory (USA)) [90]. 
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2.3.2 Principles of Dye-Sensitized Solar Cells 
 
Solar energy conversion has been extensively studied for many years [91-97], but in 
recent years, dye-sensitized solar cells (DSSC) have become an attractive renewable energy 
alternative.  In 1991, Michael Gratzel and Brian O’Regan introduced this innovative photovoltaic 
device to the scientific community that required a very modest means of production that allowed 
for low-costing and moderately efficient solar cells [98].  Gratzel and O’Regan’s dye-sensitized 
solar cell design was based on sintered titanium dioxide (TiO2) nanoparticles. One of the reasons 
that TiO2 nanoparticles were chosen was because they possess high surface areas (with roughness 
factors ~1000 [10]); enhanced surface area is needed for the adsorbed dye molecules to generate 
efficient light absorption. Moreover, without being sensitized in the dye, TiO2 can only absorb 
light in the UV region; however, upon dye sensitization visible light could then be absorbed. The 
typical DSSC components include two electrodes (i.e., the working electrode (anode) is 
fabricated by the growth of a metal oxide nanostructure on transparent conductive oxide (TCO) 
glass and the counter electrode (cathode) is generally platinum coated TCO glass), the dye 
sensitizer in which a monolayer of dye is adsorbed onto the metal oxide nanomaterial, and the 
redox electrolyte that fills in the region between the electrodes [98].  
Moreover, these DSSCs do not obey the traditional mechanistic principle of silicon based 
p-n junction cells; instead, the light absorption and charge transfer functions are assumed by 
separate components of the cell. Specifically, the role of the dye is to absorb photons, while the 
semiconductor’s main function is to facilitate charge transport. DSSCs have several other 
advantages over the traditional p-n junction solar cell. Some examples of advantages of DSSCs 
over traditional p-n junction solar cells include inexpensive production, flexibility in the material 
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choice including the use of various substrates, and ability to function under a wide temperature 
range [99].  
The specific mechanism of the dye sensitized solar cell is unique from traditional solar 
cells. Upon incident sunlight, the electrons in the dye jump from their ground state to their 
excited state. The electrons are then injected into the conduction band of the semiconducting 
material and travel through the semiconducting material to the electron collecting glass substrate. 
Electrons then travel from the anode through the circuit, performing useful work (i.e., generating 
current) around to the counterelectrode. The dye is now in an oxidized state but is regenerated by 
the reducing agent of the electrolyte. In turn, the oxidized species of the electrolyte is reduced to 
its original state once the electron has passed through the load and is collected at the 
counterelectrode. At this point, the circuit is complete, and the cyclic flow of electrons continues 
to pass from the anode to the cathode [100, 101]. “The cell voltage observed under illumination 
corresponds to the difference between the quasi-Fermi level of TiO2 under illumination and the 
electrochemical potential of the electrolyte [98].” Ultimately, based on this unique mechanism 
and fabrication requirements, the DSSC can produce electrical power at low cost and moderate 
efficiencies. The operation principle of DSSCs is illustrated in Figure 2.12.  
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Figure 2.12  Schematic illustrating the operation principle of DSSCs. 
 
 
 
Furthermore, Jose et al. have described the eight fundamental processes that occur within 
DSSCs, and a functional diagram of these processes can be seen in Figure 2.13. Jose et al. 
explain the 8 processes as follows [99]:  
i) Light absorption by dye molecules 
ii) Relaxation of the excited dye back to its ground state- rate constant (k1) 
iii) Exciton diffusion through dye material (Dext) 
iv) Electron injection from excited dye to semiconductor conduction band- rate 
constant (k2) 
v) Electron back transfer to oxidized species of the electrolyte- rate constant (k3) 
vi) Electron recombination to oxidized dye molecules-rate constant (k4) 
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vii) a) Electron transport through conduction band via diffusion (De);                          
b)  Phonon relaxation in which energy is lost due to phonon-electron contact 
viii) Dye regeneration via electron transfer from electrolyte-rate constant of (k5) [99]. 
 
 
 
Figure 2.13 Functional diagram of DSSC illustrating 8 fundamental processes. Adapted from 
[99]. 
 
 
As mentioned earlier, the emergence of dye-sensitized solar cells was based on TiO2 
nanoparticles. However, there has been significant interest in studying other metal oxide 
nanomaterials to replace the TiO2 nanoparticles. The requirements of the metal oxide are i) it 
should possess a wide bandgap to ensure that most photons are absorbed as possible; ii) the 
energy level of the conduction band needs to be appropriately lower than the HOMO level of the 
dye to ensure proper injection of the electrons from excited dye molecules; iii) it should have a 
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high charge carrier mobility for effective charge transport; and iv) it should possess a  large 
enough surface area for efficient light harvesting [102].  
Specifically, in the past decade, there has been an extensive amount of research done on 
DSSCs where the semiconducting metal oxide material is ZnO nanowires. Still, as of today, the 
amount of literature based on ZnO nanowire DSSCs is small in comparison to TiO2 nanoparticle-
based DSSCs. However, there are some advantages to utilizing ZnO nanowires. Figure 2.14 
provides an illustration of the nanowire-based dye-sensitized solar cell.  
 
 
Figure 2.14 Illustration of a ZnO nanowire-based DSSC. 
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Utilizing wide-band gap semiconductor nanowires (e.g., ZnO nanowires) instead of TiO2 
nanoparticles has been thought to be very advantageous because i) the nanowire morphology 
allows for electrons to travel a more direct conduction path from the point of injection to the 
point of collection, and ii) the nanowires possess a large enough surface area for adequate dye 
adsorption [9].  The nanowire photoanode has a very fast electron injection rate and the electron 
diffusivity in crystalline wires (specifically ZnO nanowires) has been reported as several orders 
of magnitude larger than electron diffusivity within TiO2 nanoparticles [10-13]. The superior 
electron transport within the nanowire photoanode can be attributed to its  higher crystallinity 
and the presence of an internal electric field that facilitates electron transport to the collecting 
glass substrate by effectively separating the injected electrons from the oxidized species of the 
electrolyte; this, in turn, improves the charge collection efficiency [10]. Furthermore, nanowires 
can be synthesized at low temperatures, which allow the use of various substrates including 
polymers, and the employment of low temperatures greatly reduces energy costs. However, 
researchers have yet to fabricate ZnO nanowire-based DSSCs with efficiencies similar or higher 
than TiO2 nanoparticle-based DSSCs. The current highest efficiency resulting from a DSSC 
incorporating ZnO nanowires is 7 %, but this DSSC was based on 1D multilayer ZnO nanowire 
arrays [103]. Another report showed an efficiency of 4.8%, but it was also unique in that it was 
comprised of a hierarchal structure of ZnO nanosheets and nanowires [104]. Reports of DSSCs 
that solely incorporate 1 layer of ZnO nanowire arrays typically have efficiencies ranging from 
0.1-3% [9, 79, 81, 105-107].   
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2.3.3 Characterization of Dye-Sensitized Solar Cells 
 
 
Current-voltage measurements are taken to characterize the performance of DSSCs. In 
order to compare experimental power conversion efficiencies (η) reported globally, DSSC 
measurements are generally taken under a set of standard conditions: i) constant cell temperature 
of 25°C; ii) input power density of 100 mW/cm
2
; and iii) simulated sunlight characterized as AM 
1.5, which is the air mass coefficient corresponding to incident sunlight at an angle of 48° [99]. 
The power conversion efficiency, η, is defined as [99] 
 
   
    
   
 
          
   
                                                        (2.2) 
 
 
where VOC  is the open circuit voltage (i.e., the voltage in unit volts at which the current is zero), 
JSC is the short-circuit current density (i.e., the current density, generally in units mA/cm
2
 at 
which the applied voltage is zero), Pin is the input power density generally in units mW/cm
2
, and 
FF is the fill factor. The FF is defined as the ratio of maximum power output to the product of 
VOC and JSC [99],  
 
      
       
       
                                                      (2.3) 
 
where JMP and VMP are the corresponding current density and voltage, respectively of the 
maximum power point.  A current-voltage (I–V) curve is shown in Figure 2.15 to illustrate the 
key parameters required to evaluate the DSSC power conversion efficiency.  
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Figure 2.15  (Left) Standard I-V curve used to determine η after inverting the raw data [108].  
 
 
The Incident Photon-to-Current Conversion Efficiency (IPCE) is another common 
measure of DSSC performance. IPCE is defined as the ratio of the number of electrons (nelectrons) 
flowing through the external circuit generating current to the  number of incident photons 
(nphotons) at a specific wavelength as seen in Equation 2.4 [99]. 
          
             
           
 
        
          
                                         (2.4) 
where J(λ) is the measured current density and Pin(λ) is the input power density at a specific 
wavelength of irradiation in nanometer, λ, h is Plank’s constant, c is the speed of light, and e is 
the elementary charge [99]. Lastly, Electrochemical Impedance Spectroscopy (EIS) is used 
widely in photovoltaic studies to understand the charge transport dynamics and kinetics of the 
DSSC [99]. EIS can reveal pertinent information regarding the dynamics of the competing 
processes of charge recombination (typically with the oxidized electrolyte species) and charge 
collection [109].  
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2.3.4 Factors that Govern the Performance of Dye-Sensitized Solar Cells 
 
 As previously mentioned, the current state of performance of DSSCs has not been 
comparable to other solar cell types due to its much lower efficiencies and stability. There are 
several factors that contribute to the substandard performance of DSSCs. The three most 
significant factors that govern DSSC performance are 1) inefficient light absorption; 2) sub-par 
photovoltage output; and 3) low fill factors [110]. The inefficient light absorption can mostly be 
attributed to the restrictive spectral response of current dye sensitizers used in DSSCs [110]. The 
sub-par photovoltage is mostly due to the occurrence of charge recombination, while the losses 
in series resistance are most responsible for the low fill factor values [110]. 
  While common dyes that are used today, such as N719, have shown great potential (i.e., 
efficiency ~11-12% for TiO2 DSSC using N719), they still lack the optimum range of light 
absorption needed for higher efficiencies because their optical absorption range generally does 
not surpass 800 nm; therefore these dyes are only able to produce current densities in the range 
of 15-20 mA/cm
2
 [110]
 
. The UV-Vis absorption spectrum of N719 in an equimolar ratio of 
acetonitrile and tert-butanol is shown in Figure 2.16.  
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Figure 2.16 UV-Vis absorption spectrum of N719 in 1:1 acetonitrile and tert-butanol.  The inset 
shows the molecular structure of  N719 [111]. 
 
There must be a collective effort to synthesize new dyes that have broader spectral responses in 
order to obtain current densities beyond 25 mA/cm
2 
so that the DSSC efficiency can be 
significantly improved. There has been some work performed already to engineer new dyes, such 
as ruthenium based K-19, that have better molar extinction coefficients and have a broader 
spectral response allowing for an improvement in light harvesting as well as stability [110, 112, 
113]. These new dyes are thought to be quite promising in the efforts of trying to reach DSSC 
efficiencies beyond 12%. 
 There is still a challenge in today’s DSSC research as to how we can produce high 
photovoltages. Research studies have shown that reducing charge recombination at the metal 
oxide-electrolyte interface could substantially increase device efficiencies by up to 50% [110].  
Some of the techniques investigated to increase open circuit voltages of DSSCs include the 
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incorporation of barrier layers that help reduce interfacial recombination losses, as well as the 
engineering of electrolytes with coadsorbents [110]. High fill factor values are an indication of 
high performing DSSCs as the fill factor essentially measures how close the I-V response is to 
ideal conditions. As mentioned earlier, limitations of the fill factor are mostly due to series 
resistance losses. It is believed that the amount of series resistance can be influenced through 
manipulation of the contact between the two electrodes as well as proper contact of the 
electrodes with the wires that connect the electrodes. 
 In addition to these 3 governing factors, the conversion efficiency of DSSCs can also be 
greatly affected by the semiconductor film morphology and its fabrication conditions. It is 
essential for the surface area of the semiconducting nanomaterial to be as large as possible. 
Additionally, it is known that larger particles can absorb red light absorption via light scattering 
much more efficiently than N719 dye, yet the presence of these large particles can cause back-
scattering that reduces surface area [111]. Thus, Wang et al. have reported the design of a 
multilayer TiO2 morphology used to fabricate a DSSC that balance the opposing effects of light 
scattering and surface area; and their proposed morphology allowed for an increase in the cell’s 
efficiency [111]. Another aspect of film morphology is the thickness of the film. The thickness 
of the semiconductor films greatly affects the DSSC performance. Giannouli et al. conducted a 
study that shows the dependence of the DSSC efficiency on ZnO film thickness, for two different 
sensitizers: Rose Bengal, and Rhodamine B [114]. Figure 2.17 provides the results of this study. 
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Figure 2.17 The effect of ZnO film thickness on the DSSC efficiency for ZnO films sensitized 
with Rose Bengal and with Rhodamine B [114]. 
 
  
The results from the study of Giannouli et al. showed that the efficiency of DSSCs increases with 
increasing thickness of the ZnO film up to an optimum thickness, and then decreases for cells 
with thicker films [114]. This trend held true for both of the sensitizers studied.  However, for 
Rhodamine B, which has a higher molar extinction coefficient than Rose Bengal, the maximum 
efficiency could be achieved using a smaller film thickness [114]. The molar extinction 
coefficient indicates how well a sensitizer absorbs light; therefore, with a higher molar extinction 
coefficient, dye molecules can be adsorbed on thinner ZnO films in order to yield relative 
maximum efficiencies [114]. 
 Lastly, specific fabrication conditions of the semiconductor film can affect the 
performance of the DSSC. Specifically, Lu et al. conducted a study that investigated the effect of 
the annealing temperature on the performance of a ZnO nanoparticle-based DSSC [115]. 
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Annealing temperatures ranging from 300°C to 450°C were studied, and the results of this study 
can be seen in Figure 2.18 and Table 2.4.  
 
Figure 2.18 IPCE spectra of ZnO-based DSSCs annealed at different temperatures [115]. 
 
Table 2.4  Operation parameters of ZnO-based DSSCs made with different photelectrodes [115]. 
 
It was found that 400°C was the optimal annealing temperature due to its highest IPCE value and 
highest conversion efficiency of 3.92% [115]. Moreover, Lu et al. concluded that at an annealing 
temperature of 400°C, a higher charge collection efficiency can be obtained because this 
temperature allowed for the largest reduction in the effects of bulk traps [115].  
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2.4 Thesis Hypotheses 
 
I.   A critical problem that generally occurs with DSSCS is when the oxidized species of the 
redox system electrolyte acts to regenerate itself by taking the electrons that are at the anode. 
This problem is referred to as back transfer of electrons from the conductive glass layer to the 
oxidized species in the electrolyte, which will undoubtedly reduce power conversion efficiency. 
It is expected that a blocking layer of optimal thickness on the surface of the conducting glass 
substrate will successfully control this electron back transfer, and subsequently the efficiency of 
a ZnO nanowire-based DSSC will be improved.  
 
II.   While reports have shown that increases in the length of the nanowires yield increases in the 
overall conversion efficiencies dye-sensitized solar cells, it is still very difficult to synthesize 
nanowire arrays with very long lengths.  Therefore, we have proposed several methods to build 
multiple layers of three-dimensional structures containing average length ZnO nanowire arrays 
via various deposition techniques. It is expected that a dye-sensitized solar cell assembled by 
depositing several ZnO nanowire layers on the surface of the substrate will significantly 
improved the efficiency. In particular, if the diameter of the ZnO nanowires can be decreased 
and the density of the ZnO nanowire array can be significantly enhanced, it is believed that the 
performance of the ZnO nanowire-based DSSC will be greatly enhanced. 
 
III.   Additionally, it is expected that a model can be developed that will investigate how the 
geometry of ZnO nanowires affects the incident photon-to-current conversion efficiency of 1D 
ZnO nanowire-based N719-sensitized solar cells at the maximum absorption wavelength of 543 
nm. 
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2.5 Thesis Objectives 
   
 Initiate an exploration of a mathematical model that will investigate how the geometry of 
ZnO nanowires affects the incident photon-to-current conversion efficiency of 1D ZnO 
nanowire-based N719-sensitized solar cells at the maximum absorption wavelength of 
543 nm. 
 
 Design a study that investigates and compares several methods to incorporate a functional 
block layer at the surface of the conducting glass substrate of the ZnO NW based DSSC 
as a means to control electron back transfer and ultimately improve the overall power 
conversion efficiency 
 
 
 Investigate effects of the density of ZnO NW arrays on the overall DSSC power 
conversion efficiency by designing a three-dimensional ZnO NW that increases the NW 
density and enhances surface area, and thus enhances light absorption 
 
 Design a novel fabrication technique that is inexpensive and simple that yields a 
multilayered three dimensional ZnO NW array that significantly increases the density of 
the nanowire array, improving the overall power conversion efficiency of ZnO NW based 
DSSC  
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CHAPTER 3 
FABRICATION OF ZINC OXIDE NANOWIRES 
3.1 Introduction 
 
 There are several ways to synthesize ZnO NWs including chemical vapor deposition, 
laser ablation, template-based synthesis, and hydrothermal growth. Hydrothermal growth has 
become very popular due to the fact that the production cost is much lower, the process is 
simpler, the temperatures are lower, and less rigorous synthesis conditions are employed. During 
the hydrothermal growth of ZnO nanomaterials, capping agents are sometimes added to the 
growth solution to influence the morphology of the nanomaterial by either promoting or 
hindering the growth of certain crystal faces [8]. Specifically when ZnO NWs are the desired 
shape, HMTA is used as the capping agent to inhibit lateral growth; consequently, the promotion 
of vertical growth leads to the long and thin morphology of a nanowire.  Weintraub reports that 
the formation of long and thin ZnO NWs may be attributed to the selective adsorption of non-
polar HMTA on the non-polar faces of the ZnO NWs, resulting in steric hindrance of the           
a-planes [116]. While the full understanding of the role of HMTA is still fairly unknown, Figure 
3.1 provides an excellent illustration to help understand one possible function of the multi-
functional HMTA precursor.  The non-polar HMTA preferentially adsorbs to the non-polar {10
1 0} and {11 2 0} crystal faces, resulting in steric hindrance of the a-planes and continued 
exposure to the Zn
2+
-containing growth solution for the c-plane [116]. 
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Figure 3.1 Schematic showing role of hexamethylenetetramine as a capping agent to promote 1-
D growth [116]. 
 
 As mentioned in Chapter 2, growth time and temperature control the ZnO morphology, 
whereas the initial equimolar concentration of the reactants (e.g., zinc nitrate and HMTA) 
influences the ZnO NW density.  As the Zn
2+
 concentration increases, the zinc chemical potential 
inside the solution also increases; therefore, more nucleation sites are produced on the substrate 
in order to compensate for the increase in zinc chemical potential yielding a more dense array of 
ZnO nanowires [14]. As the zinc concentration is further increased, the density of ZnO NWs 
remains somewhat fixed. Wang et al. suggest two possible explanations as to why there can be a 
steady density (i.e., no new nuclei initiation on the substrate): i) if the sizes of the nuclei are 
smaller than the nuclei critical size, then no new nanowires can grow; and ii) the added Zn
2+
  
ions on the substrate are more likely to arrive at the existing NWs rather than the newly formed 
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nuclei [14]. In this situation there cannot be continual increase in density with increasing 
precursor concentration if the density is greater than the critical steady density described earlier; 
moreover, this theory also suggests the occurrence of somewhat uniform height of the nanowires 
[14]. Furthermore, Wang et al. conducted experiments that investigated the relationship between 
precursor concentration and the density of NW arrays, see Figure 3.2 [14].  
 
 
 
Figure 3.2 Density varied with concentration. (Circle) Plot of ZnO nanowire density in a 100 
mm
2
 area; (Triangle) Plot of area percentage covered by ZnO nanowires. Each data point was 
obtained from 4 different areas. Inset is a typical image of ZnO nanowires grown at 5 mM [14]. 
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The results of their study show that the precursor concentration does influence the density of the 
ZnO nanowires. From 0.1 mM to 5 mM, their results reveal a significant increase in the ZnO 
NW density, and then the density remains fairly steady for higher concentrations of Zn
2+
.  
Additionally, their results show that the surface coverage continually increases with increasing 
Zn
2+
 concentration. This is due to the increasing diameter of the ZnO nanowires. 
 
For this research, one of the main objectives is to improve the efficiency of the dye 
sensitized solar cells by synthesizing highly dense arrays of ZnO nanowires that improve the 
surface area of the nanowires. Thus, it was important to study the results of the ZnO NWs 
fabricated based on various synthesis conditions, including reaction time, growth temperature, 
and precursor concentration using the hydrothermal growth method. 
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3.2 Fabrication Procedure 
 
ZnO NWs were synthesized using a hydrothermal chemical solution based method. High-
density ZnO NWs were grown on 1x1 cm
2 
seeded fluorine-doped tin oxide (FTO) substrates 
(TEC 8 Ω/cm
2
-3.0mm thick, Hartford Glass) via the following steps. Formation of the seed layer 
onto the FTO substrate was conducted via spin-coating of a 5 mM ethanolic solution of zinc 
acetate dihydrate (ZnAc·2H2O) (molecular formula: Zn(CH3COO)2•2H2O, Acrōs Organics, 
98%). The spin coating machine (P-6000 Spin Coater, Integrated Technologies, Inc.) was set to 
3000 rpm and the spin cycle time was 60 sec, see Figure 3.3. SEM analysis determined that 
multiple spin coatings (usually 6-7 times total) were needed for a dense seed layer on the FTO 
substrate. The dense seed layer was annealed at 350°C for 20-30 min to form the ZnO 
nanocrystalline layer. ZnO NWs were grown from the seed layer using a chemical bath 
deposition method in an equimolar aqueous precursor solution (ranging from 10-25 mM) of zinc 
nitrate 6-hydrate (ZnNO3•6H2O, J.T. Baker 99.4%) and hexamethylenetetramine (HMTA) 
(molecular formula: C6H12N4, Fluka 99.5%) at 70-90°C for 5 h. The reaction time was varied 
from 5-24 h to attain optimal nanowires. Substrates were subsequently rinsed with water and 
ethanol and oven dried at 95°C for 30 min in air. As-grown ZnO NWs could be annealed further 
in air at 400°C for 30 min to improve the crystallinity of the NWs and the interfacial structures. 
Figure 3.4 provides a schematic illustration of the setup, while Figure 3.5 gives a representative 
image of the synthesis setup. The figures show that the substrates were fully immersed in the 
precursor solution contained in a 50 mL capped Pyrex vessel, and were fastened to the top 
directly from the cap.   
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Figure 3.3 Image of P-6000 Spin Coater (Technologies Integrated, Inc.) [117]. 
 
 
 
 
 
Figure 3.4 Schematic of synthesis setup. 
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Figure 3.5 Solution-based synthesis vessel consisting of 50 mL Pyrex bottle filled with precursor 
solution. 
 
The Pyrex vessels were placed inside a VWR Vacuum Oven to react at approximately 90°C, and 
later transferred to a Fischer Scientific Muffle Furnace to anneal at a heating rate of 2°C/min 
until it reached 400°C (see Figure 3.6). 
  
Figure 3.6 (Left) Vacuum Oven (1400E, VWR Scientific); (Right) Muffle Furnace (Fischer 
Scientific) [118, 119]. 
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The morphologies of the deposited materials were examined using Scanning Electron 
Microscopy (SEM: *LEO 1530 thermally-assisted field emission). The crystal structures of the 
composites were investigated using X-Ray Diffraction (XRD: X’Pert Pro). 
 
 
3.3 Zinc Oxide Nanowire Synthesis and Characterization Results 
  The first objective of this research project was to successfully grow ZnO nanowire arrays. 
Due to its simplicity, low costing materials, and easily accessible equipment required, it was 
decided to employ a solution-based growth method. Furthermore, small pieces of Si wafers were 
used to practice synthesizing arrays of ZnO NWs. Initially, a sputter-coating approach was 
chosen to apply a very dense ZnO seed layer (~20-50 nm thick). During the first several months 
of a tedious series of growing the ZnO NWs under various synthesis conditions, the precursor 
solutions only produced a dense ZnO nanoparticle morphology. These ZnO nanoparticles 
typically appeared in a random clustered formation. The average diameter of these nanoparticles 
was around 200 nm.  Figure 3.7 provides SEM images of a few of these initial results at various 
magnifications. Although these nanoparticles were not the desired morphology, they did posses 
the hexagonal-shaped face at the ends that is very characteristic of ZnO nanowires. The reason 
for the nanoparticles having the hexagonal faces of typical nanowire structures, but not the 
lengths, could be attributed to several different reasons including the precursor solution not being 
reacted under the proper combination of optimal conditions such as the concentration, 
temperature range, and growth time. Moreover, while it is clear that the degree of supersaturation 
was high enough for crystal initiation, the degree of supersaturation may not have been high 
enough (i.e., not in the appropriate regime discussed in Chapter 2) to stimulate further crystal 
growth. 
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Figure 3.7 a) SEM images of ZnO nanostructures; b) close up SEM image of same ZnO 
nanostructures. 
 
 
 
Finally, after many months, we were able to develop valuable insight about the entire fabrication 
procedure and optimize critical synthetic aspects regarding precursor concentration, growth 
temperature, and reaction time. Using optimal synthesis conditions of 10 mM precursor 
concentration, 70°C growth temperature, and 12 h reaction time, desirable ZnO nanowires were 
fabricated. Specifically, we wanted to look at the effect of the seed layer on the density of the 
nanowires. It was determined from the SEM images that the samples with the thicker seed layer 
gave denser arrays of nanowires, and these results can be seen in Figure 3.8.  In both cases, the 
lengths of the nanowires in the array varied between 1-3 μm. 
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Figure 3.8 SEM images of 1D ZnO NW array. a) 10 mM @ 70°C for 24h on Si substrate using 4 
coats of seed layer solution; b) 10 mM @ 70°C for 24h on Si substrate using 6 coats of seed 
layer solution. 
 
 
 
Now that the fabrication process became more intuitive, the next step of the research plan was to 
grow the ZnO nanowires onto a new type of substrate, transparent conducting glass, which 
would be useful in the solar cell application. Studies were done to observe the characteristics of 
the ZnO nanowires fabricated on FTO substrates under various synthesis conditions (precursor 
concentrations ranging from 10-25 mM, growth temperatures ranging from 70-90°C, and 
reaction times from 5-24 h). For example, SEM images were analyzed for a study on reaction 
time, in which the precursor concentration and the growth temperature were kept constant at 10 
mM and 80°C, respectively. Interestingly, the most desirable ZnO nanowires were produced at a 
reaction time of 12 h. It was clear that precursor concentration, growth temperature, and reaction 
time all have a notable effect on the ZnO morphology. Figure 3.9 shows SEM images of ZnO 
nanowires grown on the FTO conducting glass substrate using 10 mM precursor concentration, 
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80°C growth temperature, and 12 h reaction time; and again the affect of seed layer thickness is 
highlighted.  
Figure 3.9 SEM images of 1D ZnO NW array. a) 10 mM @ 80°C for 12h on FTO substrate 
using 4 seed layers; b) 10 mM @ 80°C for 12h on FTO substrate using 6 seed layers. 
 
 
The physical appearance of the nanowire arrays were as expected, with the hexagonal faces and 
reasonable aspect ratio. The nanowires were nearly 105 nm in diameter and about 2.5 μm in 
length. Furthermore, as expected, the samples with the thicker seed layer gave denser arrays of 
nanowires for the synthesis done using FTO substrates as well. The main results of the overall 
study are displayed in Table 3.1 and Table 3.2. It was found that the optimal synthesis conditions 
were 25 mM precursor concentration, 90°C growth temperature, and 5 h reaction time. 
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Table 3.1 Analysis of 1D ZnO NW Array at 10 mM Precursor Concentration 
 
 
Table 3.2 Analysis of 1D ZnO NW Array at 25 mM Precursor Concentration 
 
 
From the tables above, some specific conclusions can be drawn. First, the nanowires synthesized 
from the higher precursor concentration resulted in an array of more dense nanowires. This tells 
us that a higher degree of Zn
2+
 consumption leads to denser arrays. Furthermore, the increase of 
the ZnO NW density can be explained by the increase in the number of nuclei that form on the 
substrate as a means to compensate for the increase in the zinc chemical potential. Next, for both 
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precursor concentrations, the diameter of the nanowires tends to become larger at longer reaction 
times. This outcome is possibly due to the sidewalls of the nanowires being exposed to the 
precursor ions for a longer period of time causing continual lateral growth. On the other hand, 
while the lengths were slightly longer in the case of the 25 mM precursor solution, the length of 
the nanowires did not show a clear trend. The length has been known to not be affected by one 
single reaction parameter as much as the diameter. However, in the case of 25 mM precursor 
solution, the lengths increased slightly with increasing temperature. Yet, in the case of the 10 
mM precursor solution, the lengths increased slightly as the temperature increased from 70-80°C; 
however, the lengths then decreased as the temperature increased from 80-90°C. This occurrence 
is possibly due to the fact that if the temperature is too high, then the reaction is sped up causing 
a faster depletion of Zn
2+
 ions required to continue growth in the vertical direction. Still, there 
must be an optimal combination of synthesis conditions to yield the longest possible nanowires.  
Furthermore, it was assumed that if the substrates were continuously introduced to fresh 
growth solutions under the optimal synthesis conditions of 25 mM precursor concentration and 
90°C growth temperature, the lengths of the nanowires could be enhanced. This idea stems from 
the fact that after a certain period of time during crystal growth, there is depletion of Zn
2+
 ions 
and growth ends. Thus, if the substrates are introduced into a fresh precursor solution, then there 
will be additional consumption of the Zn
2+
 to promote further growth of the nanowires. The SEM 
images in Figure 3.10 demonstrate the differences in nanowire length for one sample that was 
continuously exposed to fresh solutions every 2.5h for an entire 12.5 h period and another 
sample that was exposed to the same precursor solution for the entire 12.5 h period. 
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Figure 3.10 SEM images of 1D ZnO NW array. a) 25 mM @ 90°C on FTO substrate using 5 
seed layers for 12.5h (refreshing the growth solution every 2.5h); b) 25 mM @ 90°C on FTO 
substrate using 5 seed layers for 12.5h in the same growth solution. 
  
 
The crystal structure of the ZnO nanowire array grown on the FTO substrate was 
examined using XRD. Figure 3.11 shows an XRD pattern of the ZnO nanowire array. The 
remarkably enhanced (002) diffraction peak at 34.6° is much more intense than the other peaks, 
implying that these nanowires were perfectly oriented perpendicular to the substrate surface and 
that they were grown along the c-axis. The (002) diffraction peak also confirms the [001] as the 
fastest growth direction and verifies the high degree of crystallinity of the ZnO NWs. The XRD 
spectrum also shows signals at other degrees giving insight about slight growth in other 
directions, and these specific peaks are almost always evident in any of the XRD spectra found 
for ZnO in the literature. 
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Figure 3.11 XRD spectrum of 1D ZnO nanowire sample. 
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3.4 Brief Summary 
 
  In this chapter, the research goal was to effectively fabricate 1D ZnO nanowires based on 
the hydrothermal growth method. The hydrothermal growth method is based on reacting 
equimolar concentrations of zinc nitrate hexahydrate and HMTA in an aqueous solution at 
relatively low temperatures compared to other ZnO nanowire synthesis techniques. The 
advantages of using the hydrothermal process is not limited to the employment of lower reaction 
temperatures, but also includes inexpensive production costs, process simplicity and less 
rigorous synthesis conditions. It was important to determine the optimal reaction conditions for 
synthesizing well crystallized ZnO nanowires that form hexagonal faces and grow perpendicular 
the substrate, as well as dense nanowire arrays with high aspect ratios. As determined from 
experimental synthesis, the optimal conditions for the growth of ZnO nanowires were based on a 
25 mM equimolar precursor concentration, 90°C growth temperature, and 5 h reaction time. The 
lengths and diameters of these nanowires ranged between 1.5-3 µm and 85-125 nm, respectively. 
The XRD spectrum verified the crystallinity and vertical alignment of the ZnO nanowires grown 
on FTO substrates under these optimal conditions.  
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CHAPTER 4 
MATHEMATICAL MODEL FOR ZINC OXIDE NANOWIRE DYE-
SENSITIZED SOLAR CELLS 
 
4.1 Introduction 
 
 
Dye-sensitized solar cells have yet to produce comparable performance to those of other 
solar cell technologies (e.g., silicon based multi-junction cells, single junction GaAs-based cells, 
and Cu(In, Ga)Se2 cells based on thin film technologies) [3]. These other technologies, however, 
have shown to be very expensive for large-scale production. Therefore, many researchers are 
interested in dye-sensitized solar cells because of their potential to provide both cost efficient and 
process efficient renewable energy. The maximum efficiency, however, has leveled off to ~12% 
[7]. Thus, considering that Grätzel et al. produced 10% efficiency DSSCs in 1993[120], there has 
not been much improvement in experimental efficiencies in nearly 20 years.  Therefore, it is 
important to get a thorough understanding of how the DSSC performance is being affected by 
specific components of the cell as well as specific processes of its fundamental mechanism. The 
use of models allows us to investigate how specific properties of the cell components (e.g., the 
semiconducting material used as the photoanode, the dye, and the electrolyte redox couple) 
affect DSSC efficiency. Thus, with the insight gained from various models, we can then engineer 
new materials that possess the necessary qualities that yield higher conversion efficiencies. 
 Many models in the literature discuss the use of responses from IMPS and IMVS 
(intensity modulated photocurrent spectroscopy and intensity modulated photovoltage 
spectroscopy, respectively) to reveal how DSSC performance is being affected by charge 
dynamics. Specifically, IMVS is used to measure the respective time constants for charge 
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recombination at open circuit, while IMPS is used to measure the respective time constants for 
the combined processes of charge collection and charge recombination at short circuit. 
Schlichthӧrl et al. have developed a model in which IMVS and IMPS are used to determine the 
charge collection efficiency of TiO2 DSSCs [121]. This model will be discussed further in this 
chapter. Another example of models of DSSCs comes from the work of Penny et al. [122]. In 
their work, they highlighted a mathematical model that is specifically based on the one-
dimensional transport of TiO2 NP DSSCs in which the sensitizer is N3 dye and the redox 
electrolyte couple is I
-
/I3
- 
(with Li
+
 as the solution cation); however the framework of their model 
can be used to study other DSSC systems [122]. Furthermore, their model investigated the 
effects of the separate charge transfer processes occurring at the TiO2/dye/electrolyte interface on 
DSSC performance [122]. A commissioned experimental study confirmed the results of their 
model simulation [122]. Another example of how models are used to investigate the factors that 
influence the performance of DSSCs is shown by the work of Barnes et. al ( under the leadership 
of B. O’Regan, co-author of first report of DSSCs) [123]. Specifically, they presented a 
numerical model based on TiO2 DSSCs that illustrates how the various charge transfer reactions 
affect DSSC efficiency under various conditions [123]. Moreover, their model gives an account 
for both the time dependent and independent effects on DSSC performance. Their time 
dependent simulations, specifically, were validated with experimental data obtained from 
transient photocurrent and photovoltage measurements at open circuit [123].  Lastly, Hill et al. 
provided an interfacial and bulk charge transport model for DSSCs based on nanowire arrays 
with a conductive core and TiO2 shell [124]. In their report, the explicit function of the interfacial 
electric field and its effect on the performance of nanowire-based DSSC was investigated. Their 
study revealed that the presence of the internal electric field allowed the reaction rate for 
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electrons recombining with oxidized species in the electrolyte to decrease, which in turn 
improved the fraction of electrons collected at the anode for electrical use [124]. Thus, better 
DSSC performance was observed. Their model computations were also validated with 
experimental data [124]. 
 Here, the goal of our model is to build on the previous models (especially the model of 
Schlichthӧrl et al.) and determine how the ZnO nanowire geometry is affecting the DSSC 
performance. Specifically, we look at how the nanowire length, radius, and density affect the 
incident photon-to-current conversion efficiency (IPCE) at a single wavelength (543 nm) in 
which the N719 dye has maximum light absorption. The geometry that the ZnO nanowires take 
on is a hexagonal wire. Therefore, in this model the surface area, which will prove to be very key 
in the determination of the IPCE, is determined from the geometric calculations of a hexagonal 
prism. The maximum IPCE based on experimental measurements usually does not reach beyond 
80%, which is mainly due to the negative effects of reflection losses and light absorption by the 
electrolyte [125]. However, not taking these effects into account, this model gives an 
approximation of what the theoretical IPCE should be for various physical dimensions of the 
ZnO nanowires, and then approximates the optimal dimensions that will yield maximum IPCE 
under specific model conditions.  
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4.2 Device Geometry and Modeling Physics 
 
 The model is designed to explore how the physical dimensions of the ZnO nanowire 
array (e.g., the length, radius, and density on the glass substrate surface) affect the results of the 
incident photon-current conversion efficiency (IPCE).  In the model the ZnO nanowire array is 
represented by a film on the substrate, where the thickness of this film is the same as the length 
of a single nanowire (where all the nanowires are at the same length). Thus, we can then imagine 
the cell as simply an area of film on the surface with film thickness, d, as shown in Figure 4.1. 
 
 
Figure 4.1 Illustration of a certain film thickness, d, of ZnO nanowires on the glass substrate and 
electron diffusion processes of the DSSC. 
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Specifically, the ZnO nanowires take on the geometric shape of a hexagonal prism. This 
geometric shape is used to determine the surface array of the ZnO nanowire array. Figure 4.2 
provides a schematic of the actual DSSC based on ZnO nanowires. From this figure, you can see 
that the nanowires take on the actual geometry of a hexagonal prism.  
 
Figure 4.2 Illustration of the ZnO nanowire array-based DSSCs. 
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Model Basis and Assumptions: 
 Light absorption by the electrolyte, ZnO and conducting glass is neglected as well as 
light reflection losses 
 IPCE is calculated based on a single wavelength (543 nm) 
 Light intensity is assumed to be constant 
 Electron transport is based on diffusion, and the effects of an internal electric field are 
neglected 
 The loss of injected electrons via recombination is proportional to the electron 
concentration in ZnO and the electron diffusion current is proportional to the gradient of 
the electron concentration (*also assumed in existing model by Schlichthӧrl et al. [121]) 
 Electron concentration profile is under steady-state conditions (*also assumed in existing 
model by Schlichthӧrl et al. [121]) 
 Free and trapped electrons are in thermal equilibrium(*also assumed in existing model by 
Schlichthӧrl et al. [121]) 
 Electron recombination rate is assumed constant. The literature states that the rate of 
recombination is proportional to the light intensity [121], and for this model the light 
intensity is constant → constant  rate of electron recombination. 
 The electron injection efficiency,     , is assumed to be constant at 100%, so the 
parameters used to calculate the      have been set strategically within a feasible range as 
obtained from the literature to yield 100% injection efficiency [120] (given in Table 4.1) 
 All the nanowires in the array are treated as having a uniform height and radius and the 
nanowires do not overlap in the array (The geometric dimensions are carefully monitored 
in the model to ensure that total cross section of the array (cm
2
) does not exceed the 
active substrate area (which is the projected surface area). 
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The surface area of the film, Aarray  (cm
2
) is calculated by the surface area of a single nanowire, 
ANW (cm
2
), times the number of nanowires on the substrate. 
                  (4.1) 
 
where the number of nanowires on the substrate is determined from the product of the nanowire 
density, N (number per cm
2 
of projected surface area), and the projected surface area, Aa (cm
2
). 
ANW is given by Equation 4.2 [126, 127], 
    
     
 
                               (4.2) 
 
where d is the thickness of the ZnO film (cm: *length of nanowire) and r is the nanowire radius 
(cm) which is shown in Figure 4.3 as the distance from a vertex to the center (i.e., radius is equal 
to the length of the sides for a regular hexagonal prism). The surface area includes the top and 
sides of the nanowire only because the dye adsorbs to this specific portion of the nanowire 
surface. 
  
Figure 4.3 Schematic of nanowire dimensions to calculate surface area. Adapted from [128] 
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Also, important to note, is the cross sectional area of the base of the ZnO nanowire, Across-sec.  
This is needed to ensure that the nanowires do not overlap. The total cross section of the array 
should not exceed the total surface area of the substrate. This total cross section of the array 
(cm
2
) is determined by multiplying the cross sectional area of the base of one single nanowire, 
Across-sec (cm
2
), by the total number of nanowires on the projected surface area.  Across-sec  can be 
calculated by Equation 4.3 [126, 127], 
           
   
 
   .                                           (4.3) 
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Governing Model Equations: 
 
The overall objective of the model is to determine the IPCE, the incident photon-to-current 
conversion efficiency. IPCE is determined using Equation 4.4 [125], 
                                    (4.4) 
 
where LHE is the light harvesting efficiency and is defined as the fraction of incident photons 
that are absorbed by the dyed electrode. LHE can be determined from Equation 4.5 [120], 
 
         Γ                                (4.5) 
 
where Γ is the number of moles of sensitizer per square of projected surface area of the film 
(mol/cm
2
), and σ is the absorption cross section (cm
2
/mol) [120]. The Γ value is obtained by first 
calculating the number of moles of adsorbed dye by taking the dye loading amount (mol/cm
2 
of 
the ZnO array) and multiplying it by Aarray (cm
2
). Then the number of moles of dye is divided by 
the projected surface area of the film, Aa. The σ value is based on the dye properties and this 
value can be obtained from the decadic extinction coefficient (units of M
-1
 cm
-1
) by 
multiplication with 1000 cm
3
/L [120]. 
The APCE is the absorbed photon to current efficiency and is defined as the portion of 
absorbed photons that generate electrons in the external circuit. APCE is the product of the 
electron injection efficiency,     , and the charge collection efficiency,    as seen in Equation 
4.6 [125], 
             .                                 (4.6) 
 
The electron injection efficiency,      is determined using Equation 4.7 [120], 
 
     
    
        
 ,                                       (4.7) 
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where      is the rate constant for electron injection (s
-1
) and τ is the excited –state lifetime in the 
absence of injection(s) [120].  In the model      and τ have been set to 5 x 10
11
 s
-1
 and 6 x 10
-8
 s, 
respectively [120] to yield a      of 100% as stated in the model assumptions. 
 
The charge collection efficiency,   , is calculated based on the expression in Equation 4.8 that 
was derived from the transport model for DSSCs developed by Schlichthӧrl et al. [121], 
 
   
                                                 
                                            
 ,   (4.8) 
 
where α is the light absorption coefficient of the cell (cm
-1
), d is the film thickness of ZnO (cm), 
and L is the  electron diffusion length (cm) [121]. The electron diffusion length can be evaluated 
from Equation 4.9 [121]:       
   
    
  
  ,                                                                                               (4.9) 
 
where Dcb  is the electron diffusion coefficient in the conduction band (cm
2
/s), m is the ratio of 
the photo-induced electrons in the conduction band (ncb) to the total number of photo-induced 
electrons in both the conduction band (ncb) and the trap states (nt), and kr  is the recombination 
rate constant (s
-1
) [121]. The absorption coefficient is determined from the dye coverage across 
the ZnO film as shown in Equation 4.10 [129-131], 
  
 Γ
 
                                                                                                       (4.10) 
 
 
Hence, with      and    calculated, the APCE can then be determined. 
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The charge collection efficiency is a function of the absorption coefficient because the 
amount of electron recombination is affected by how many photo-induced electrons are 
generated due to the amount of light absorption of the dye at various positions along the 
thickness of the film. In this model and in the model derived by Schlichthӧrl et al., a constant 
rate of recombination on the electron concentration in the ZnO film (linear dependence) is 
assumed [121]. This concept is discussed later under the model limitations section. The 
expression for charge collection efficiency comes from an existing model developed by 
Schlichthӧrl et al. for the evaluation of the charge collection efficiency of DSSCs based on TiO2 
nanocrystalline particles [121]. Their model of the charge collection efficiency was based on a 
steady- state electron concentration profile for electron transport via diffusion across the TiO2 
film[121]. As mentioned earlier, the ZnO nanowire array of a certain uniform nanowire length 
can be represented by a film of ZnO with a certain thickness. Moreover, in this model, the major 
transport process that is applied is diffusion. Therefore, the model by Schlichthӧrl et al. can be 
used to represent the charge collection efficiency for any type of DSSC that has the same charge 
transport dynamics. The actual geometry of the semiconductor film is taken into account when 
the specific surface area of the film is needed to evaluate the Γ value that is required in both the 
LHE and the APCE. Moreover, Wong et al., have also used the model by Schlichthӧrl et al. to 
compare the differences in the charge collection efficiency  of four different types of DSSC: 1) 
ZnO nanowire-nanoparticle composite; 2) vertical ZnO nanowires; 3) TiO2 nanoparticles; and 4) 
horizontal TiO2 nanowires [132].  
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4.3 Model Results and Discussion 
 
The model shows results based on the N719 dye sensitizer. In this model, the film 
thickness (length of nanowires) was varied, while the radius and the density remained constant. 
Three specific constant radii were investigated (25nm, 50 nm, and 100 nm). To ensure that there 
is no overlapping of the nanowires, we calculated the maximum density that could exist at those 
specific radii so that the total cross section of the ZnO film will not exceed the projected surface 
area of the substrate. Thus, for constant r set to 100 nm, N should be ≤ 3.6 x 10
9
/cm
2 
of projected 
surface area. For constant r set to 50 nm, N should be ≤ 1.45 x 10
10
/cm
2 
of projected surface area, 
and lastly for constant r set to 25 nm, N should be ≤ 5.85 x 10
10
/cm
2 
of projected surface area. In 
all these cases, the total surface coverage (i.e., percentage of the projection area are covered by 
nanowires) does not exceed 95%. As you can see, for larger radii, the density must be a lot less 
to prevent nanowire overlap.  
For Case I, we will first look at the condition: r  50 nm, and N= 1 x 109/cm2 of projected 
surface area. The fixed constant parameters are given in Table 4.1. 
 
Table 4.1 Constant Model Parameters. 
Constant Model 
Parameters 
Modified Values from Literature  
Reported Data 
ε(λ) [N719 dye] 1.4 x 10
4
 M
-1
cm
-1 
[111] 
λ 543 nm  [111] 
Dye loading amt. 2.25 x 10
-10
 mol/cm
2
 [modified from experimental] 
Aa 1.0 cm
2
 
     5 x 10
11
 s
-1
  [120] 
  6 x 10
-8
 s [120] 
m 0.7 [10, 132-134] 
Dcb 0.1 cm
2
/s  [10] 
kr 1000 s
-1
  [109, 134] 
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Inputting the parameters from Table 4.1 and the physical dimensions provided earlier for Case I, 
an IPCE plot as a function of film thickness was generated as shown in Figure 4.4. Table 4.2 
provides a detailed account of how the IPCE was determined based on the LHE and the APCE. 
 
 
 
Figure 4.4 Effect of length of the ZnO nanowires on the IPCE of the DSSC at constant radius of 
50 nm and constant density of 1x10
9
 /cm
2
 of projected surface area (or ~10% surface coverage). 
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Table 4.2 Case I Model Results of DSSC performance characteristics at varying lengths of the 
ZnO nanowires with the radius and density set constant to 50 nm and 1 x 10
9
 /cm
2
 of projected 
surface area, respectively. 
   
 
 
From the results shown in Figure 4.4 and Table 4.2, it is clear that geometry of the ZnO plays a 
critical role in the IPCE results. Firstly, since the radius and density were set constant, the 
surface array of the ZnO film was varied due to the increase in length. As the surface area was 
increased, the LHE continually increased. This makes sense because as you increase the surface 
area, the amount of dye molecules on the ZnO surface increases, thus increasing the amount of 
light absorption. On the other hand, as the surface area increased due to longer nanowires, the 
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APCE continually decreased. This occurs due to the steady decrease in the charge collection 
efficiency since the electron injection efficiency was constant at 100%. The charge collection 
efficiency decreasing with increasing length can be explained by the competing processes of 
electron recombination and electron diffusion. Diffusion length, L, is defined as the average 
distance an injected electron can travel through the cell before the occurrence of charge 
recombination [129]. Thus, when L > d, only a low percentage of injected electrons will not be 
collected at the photoanode; and likewise, when the L< d, a higher percentage of the injected 
electrons will not make it to the charge collecting substrate, and thus the charge collection 
efficiency decreases. Therefore, it is seen desirable to utilize materials with fast electron 
transport (high diffusion coefficients) to obtain long diffusion lengths. It has been reported 
consistently in the literature that the Dcb is in the range of 0.05-0.5 cm
2
/s for ZnO nanowires, 
which is several orders of magnitude higher than that of TiO2 nanoparticles [10]. In this model, 
the Dcb is fixed at 0.1 cm
2
/s, which is in the middle of the experimental range given in the 
literature for ZnO nanowires. Ultimately, because of the steady increase in LHE until it reaches 
100% coupled with the steady decrease in APCE, we observe an IPCE trend that increases up to 
a certain maximum (in this case 65.77% IPCE at the corresponding nanowire length of 80 μm), 
and then decreases for longer nanowires. Next, Figures 4.5 and 4.6 illustrate the ability to reach 
higher IPCE values once the surface area is improved by varying the radii and densities under the 
same fixed parameters in Table 4.1. For example, in Figure 4.6, when the density is increased 
from 1x10
9
/cm
2
 to 1x10
10
/cm
2
 (i.e., surface coverage is increased from 6% to 65%) with the 
radius held constant at 59 nm, the maximum IPCE reaches 97% corresponding to 20 μm length 
nanowires. A higher IPCE is reached at 20 μm in this case (compared to only 35% at 20 μm in 
the case of the 1x10
9
/cm
2
 density) because the surface area was increased significantly from 60 
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cm
2
 to 600 cm
2
, leading to 100% LHE at this length, and the absorption coefficient is also 
increased by an order of magnitude (from 95 cm
-1
 to 950 cm
-1
) allowing for a slower rate of 
decrease in the charge collection efficiency. Therefore the IPCE is reaches much higher values at 
shorter nanowire lengths and then tails off at still fairly high IPCE values at longer nanowire 
lengths. 
 
Figure 4.5 Effect of length of the ZnO nanowires on the IPCE of the DSSC at a constant density 
of 3x10
9
 /cm
2
 of projected surface area and varying constant radii. 
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Figure 4.6 Effect of length of the ZnO nanowires on the IPCE of the DSSC at a constant radius 
of 50 nm and varying densities. 
 
The amount of dye adsorption on ZnO is very crucial in obtaining high LHE values and high 
absorption coefficients. Model investigations have revealed that for N719 sensitized cells at 543 
nm wavelength of light (corresponding to maximum absorption), the light harvesting efficiency 
should be 100% for Γ values on the on the order of 10
-7
 (mol/cm
2
) or higher. In Case I, the dye 
loading was 2.25 x 10
-10
/cm.  For Case II, another dye loading is investigated. Calculations for 
the determination of our experimental dye loading amount can be found in Appendix A. Figure 
4.7 compares the IPCE results of nanowires with a constant radius of 50 nm and constant density 
of 1x10
9
/cm
2
 with different dye loadings (2.25 x 10
-10
/cm
2 
and 2.0 x10
-9
/cm
2
), and all other 
parameters are fixed at values in Table 4.1. 
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Figure 4.7 Effect of length of the ZnO nanowires on the IPCE of the DSSC at a constant radius 
of 50 nm and constant density of 1 x10
9
 /cm
2
 of projected surface area for different dye loadings. 
 
Seen from the figure above, when the dimensions are the same, a higher dye loading plays an 
even greater role in producing high IPCE values. It should be noted, however, that further 
increases in the dye loading amount may not lead to higher (or steady) IPCE values because with 
very thick layers of the dye, some of the dye molecules may not be able to absorb the light. 
Furthermore, when the dye loading amount increases to some critical level, the IPCE decreases 
due to a decrease in the LHE. This model allows you to approximate the specific nanowire array 
dimensions and specific dye loading that is necessary to yield maximum light absorption. 
Additionally, the properties of the dye (e.g., the extinction coefficient) play a crucial role in the 
surface area needed to absorb high levels of light. Utilizing dyes with high extinction coefficient 
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allows greater light absorption, which is very advantageous for shorter nanowire lengths and low 
dye loading amounts. 
For Case III, we will look at the effects of having a slower recombination rate. Ideally, in 
addition to having a material with high electron diffusivity, in order to obtain a long diffusion 
length, the presence of trap sites needs to be low in order to yield high m values and the 
recombination rate needs to be slow in order to yield low kr values. The literature has reported 
that for ZnO nanowires, there are fewer sites for trapping electrons [10, 132-134]; therefore, we 
have set m to 0.7 a reasonably high fraction of electrons in the conduction bands to the sum of 
electrons in the conduction band and in trap sites. Looking specifically at the effect of the 
recombination rate constant on IPCE in Figure 4.8, the kr is varied between 10 -1000 s
-1
,
 
with the 
radius set constant at 50 nm, the density set constant at 1.0 x10
9
/cm
2 
projected surface area. All 
other parameters are fixed at values given in Table 4.1. 
 
Figure 4.8 Effect of length of the ZnO nanowires on the IPCE of the DSSC at a constant radius 
of 50 nm and constant density of 1 x10
9
 /cm
2
 of projected surface area. 
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 The results of Figure 4.8 clearly show that the lowest recombination rate constant gives higher 
IPCE values (nearly 100% ) for long nanowires (lengths > 100 μm). Slower recombination rates 
allow for greater diffusion lengths; therefore high charge collection efficiencies can be obtained. 
But ultimately there has to be an optimal combination of the physical dimensions (i.e., surface 
area), dye loading, as well as recombination rate to yield both 100% LHE and 100% APCE to 
give the maximum obtainable IPCE.  There are various combinations of the physical dimensions, 
dye loading, and recombination rate constants that can yield a maximum IPCE value.  
The model can be used to identify which specific conditions are needed to yield maximum IPCE 
values. For an example, using the fixed parameters from Table 4.1, nanowire arrays with a 
nanowire radius of 50 nm, nanowire length of 20 μm, and density of 1.45 x10
10
 /cm
2
 of projected 
surface area (where surface coverage is ~95%, surface area is ~870 cm
2
, and the absorption 
coefficient is ~1375 cm
-1
), the IPCE(543nm) is ~100% for a N719 sensitized ZnO nanowire 
DSSC. Other ideal conditions can yield maximum IPCE values. Moreover, lower dye loadings 
and faster recombination rates would require greater surfaces areas to yield maximum IPCE 
results, and vice versa. 
Findings from the model reveal another example of an optimal set of model conditions 
that yields perfect IPCE at 543 nm for lengths ≤ 1000 μm. In this case, the radius is set to 50 nm, 
the density is 1.45 x10
10
 /cm
2
 (with a surface coverage of ~95% and absorption coefficient of 
~12,200 cm
-1
), the dye loading is 2.0x10
-9
 /cm
2
 ZnO surface, m is 0.7, kr is 7 s
-1
, and Dcb is 0.1 
cm
2
/s. More importantly, in this case, the diffusion length is 1000 μm, so for all lengths 
investigated (5-1000 μm), the diffusion length, L ≥ film thickness, d, which leads to perfect 
charge collection efficiency. Experimental measurements of long diffusion lengths of 1000 μm 
for ZnO nanotubes have been reported in the literature [109].  Also, the surface coverage and dye 
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loading are optimal so that perfect light harvesting efficiency is attained for all investigated 
lengths. Therefore, 100% IPCE is obtained for all of the investigated lengths up to 1000 μm 
under these specific conditions. 
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Model Validation: 
 
While we have not measured the % IPCE experimentally for our ZnO nanowire DSSCs, 
the model can be validated with experimental IPCE values from the literature. It is quite difficult 
to find experimental reports that provide data for all the parameters that are necessary for this 
model; however, by comparing experimental IPCE values from reports that provide information 
about the ZnO nanowire geometry, we should be able to get a reasonable validation for this 
model. 
Law et al. reported synthesized ZnO nanowires with lengths ~16 μm, radius of ~65 nm, 
and nanowire density on the order of 10
9
/cm
2
 [10]. They also report a Γ value of 10
-8
/cm
2
. They 
measured an IPCE (543 nm) value ~ 35% for their N719-sensitized ZnO nanowire DSSC [10]. 
Using these values in the model, with the fixed parameters listed in Table 4.1, this model 
approximates an IPCE (543 nm) value of 41.53%. The reason for the slightly higher IPCE values 
in the model may be attributed to the fact that the model does not take into account the efficiency 
losses due to light absorbed by the electrolyte. 
Additionally, Baxter et al. reported synthesized ZnO nanowires with lengths ~8 μm, 
radius of ~78 nm, and nanowire density of 5x10
8
/cm
2
 [81]. They did not report any dye loading 
data or Γ value. They measured an IPCE (543 nm) value ~ 7 % for their N719-sensitized ZnO 
nanowire DSSC [81]. Using these values in the model, with the fixed parameters listed in Table 
4.1 including the dye loading that is necessary to calculate the Γ value, this model approximates 
an IPCE (543 nm) value of 12.76% . Lastly, Xu et al. reported synthesized ZnO nanowires with 
lengths ~17 μm, and radius of ~112.5 nm [79].  However, they did not report any nanowire 
density nor dye loading data or Γ value. They measured an IPCE (543 nm) value ~ 57 % for their 
N719-sensitized ZnO nanowire DSSC [79]. Using these values in the model, with the fixed 
parameters listed in Table 4.1 including the dye loading that is necessary to calculate the Γ value 
as well as a fixed density of 1.2x10
9
/cm
2
, this model approximates an IPCE (543 nm) value of 
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62.56%. The differences in the model and the experimental results can be attributed to the model 
assumptions and factors neglected in the model that may not necessarily be the case for these 
experimental conditions (e.g., no losses due to absorption by the electrolyte, no nanowire 
overlap, uniform length and radius, etc.).  
 
Model Limitations: 
 
As mentioned earlier, the experimental measure of IPCE for DSSCs generally does not 
exceed 80%, this is due to the reflection losses as well as light absorbed by the electrolyte. This 
model does not account for these losses. Also, for a realistic steady-state electron concentration 
profile, a nonlinear dependence of the rate of recombination on the electron concentration in the 
ZnO film should be considered. This is to say that the contribution of dye molecules on the light 
harvest is not equal; the dye molecules on the bottom of the nanowires (near the TCO) absorb 
more light than those on the top of the nanowires since the light come from the TCO side of the 
solar cell.  Refer to Figure 4.9 for an illustration of this concept. As the ZnO film thickness 
(nanowire length) increases to extremely large values, the light cannot reach the dyes molecules 
at the tip of nanowires (i.e., all light is absorbed by the dye molecules that are adsorbed closer to 
the bottom of the film).  As a result, charge collection efficiency may be affected. In this case of 
extremely long nanowires, there will not be any photo-induced electrons at the top of nanowires 
if there is no light to be absorbed, so recombination rate is zero. On the other hand, near the 
bottom of the film, the dye molecules should absorb more light so the recombination rate may be 
higher there.  
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Figure 4.9 Schematic of dye molecules absorbing various degrees of light based on its distance 
from the light source. 
 
 
There are other factors that influence the IPCE that are not accounted for in this model. 
For instance, the occurrence of short-circuiting of the DSSC due to electron back transfer is not 
included in the model but will affect the conversion efficiency of the DSSC. Specifically, the 
void space in between the ZnO nanowires allows for the direct contact between the oxidized 
species of the electrolyte and the electrons at the charge collecting substrate. This contact leads 
to charge shortage which will limit the DSSC performance. Also, the type of electrolyte used can 
affect the DSSC performance. Specifically, the higher viscosity of a gel electrolyte compared to 
a liquid electrolyte can reduce charge leakage and improve DSSC performance. 
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4.4 Brief Summary 
 
This model allows one to see how the affects of geometry is coupled between both the LHE and 
APCE. So, it is important to understand how various combinations of the radius, length, and 
density affect the overall results of IPCE. This model allows you to approximate the optimal 
combination of the ZnO nanowire physical dimensions under specific constant parameters. The 
model revealed the important balance of having long enough nanowires that contribute to the 
needed high surface area for greater light absorption, but at the same time are not too long where 
the charge collection efficiency is negatively affected due to L<<<d. The model also allows one 
to investigate the effects of using materials with fewer trap sites, high electron diffusivity, and 
slower recombination times. Additionally, from the results of the model we are able to see that 
the properties of the dye (e.g., the extinction coefficient) play a crucial role in the surface area 
needed to absorb high levels of light. Utilizing dyes with high extinction coefficient allows 
greater light absorption, which is very advantageous for shorter nanowire lengths. But ultimately 
there has to be an optimal combination of the physical dimensions (i.e., surface area), dye 
loading, as well as recombination rate to yield both 100% LHE and 100% APCE to give the 
maximum obtainable IPCE.  There are various combinations of the physical dimensions, dye 
loading, and recombination rate constants that can yield a maximum IPCE value. The model can 
be used to identify which specific conditions are needed to yield maximum IPCE values. For an 
example, using the fixed model parameters (i.e., dye loading of 2.25 x10
-10
/cm
2
 ZnO surface, 
recombination rate constant of 1000 s
-1
, m value of 0.7, and a Dcb of 0.1 cm
2
/s), nanowire arrays 
with a nanowire radius of 50 nm, nanowire length of 20 μm, and density of 1.45 x10
10
 /cm
2
 of 
projected surface area (where surface coverage is ~95%, surface area is ~870 cm
2
, and the 
absorption coefficient is ~1375 cm
-1
), the IPCE(543nm) is ~100% for a N719 sensitized ZnO 
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nanowire DSSC. Other ideal conditions can yield maximum IPCE values. Moreover, lower dye 
loadings and faster recombination rates would require greater surfaces areas to yield maximum 
IPCE results, and vice versa.  
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CHAPTER 5 
ZINC OXIDE NANOWIRE DYE-SENSITIZED SOLAR CELL DESIGNS 
FOR ENHANCED PERFORMANCE 
 
5.1 Block Layer Zinc Oxide Nanowire Dye-Sensitized Solar Cell Design 
 
 
5.1.1 Introduction 
 
  There are several critical issues for nanowire-based DSSCs containing liquid electrolytes 
that need to be addressed and solved. One critical issue that many researchers in this field have 
paid close attention to is the loss of power conversion efficiency due to electron back transfer at 
the anode of the cell. When the redox system regenerates the oxidized dye molecule, it in return 
wants to be regenerated. Ideally, the oxidized species of the redox electrolyte system should be 
regenerated at the counter electrode by electrons passed through the load, as seen in Figure 5.1. 
Furthermore, there should only be unidirectional flow for electrons to travel from the anode to 
the cathode. 
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Figure 5.1 Schematic of ideal process in traditional DSSCs based on 1D ZnO nanowires. 
 
However, that ideal situation does not occur due to the fact the oxidized species of the redox 
system electrolyte want to regenerate itself by taking the electrons that are at the anode; this 
critical problem is highlighted in Figure 5.2 below. Specifically, the spaces or holes between the 
NWs allow direct contact between the oxidized species of the electrolyte and the electrons on the 
conductive glass substrate. This problem is commonly referred to as back transfer of electrons 
from the conductive glass layer to the oxidized species in the electrolyte. Electron back transfer 
prevents unidirectional flow and this undesired occurrence leads to short-circuiting of the cell, 
which undoubtedly reduces the overall power conversion efficiency. 
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Figure 5.2 Illustration demonstrating the major drawback of a traditional DSSC based on 1D 
ZnO nanowires. 
 
 
It is expected that a carefully designed blocking layer will control the issue of electron back 
transfer, as seen in Figure 5.3. By placing a layer on the FTO surface that acts as a barrier 
separating the oxidized species of the electrolyte from the electrons at the anode, the 
unidirectional electron flow from the negative electrode to the positive electrode is maintained 
and short-circuiting of the DSSC can be avoided. 
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Figure 5.3 Schematic demonstrating the use of a block layer as a solution to minimize electron 
back transfer in the traditional DSSC based on 1D ZnO nanowires. 
 
 
 
 
In this study, polymer layers and TiO2 layers are considered to be excellent blocking 
agents to minimize electron recombination. There are various routes to applying a polymer film 
as a block layer on specific substrates. Here, we focus on a very unique method that is based on 
previous work done in our laboratory by Xihong Zu. Specifically, Zu’s work demonstrates a 
novel technique for fabricating ordered nanoring arrays of inorganic materials [135]. Essentially 
the P4VP shrinks to the extent of being barely on the surface leaving behind ordered nanorings 
or holes that expose the substrate surface. Therefore, it can be inferred that only the PS polymer 
remains on the surface as seen in Figure 5.4. Specifically, when the diblock copolymer thin film 
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underwent methanol vapor treatment, the P4VP blocks contracted and moved to the interfacial 
region between the two blocks, which resulted in the configuration shown in the AFM images 
[135]. The AFM and SEM images of the PS-b-P4VP films are provided in Figure 5.5. “From the 
SEM image, the average center-to-center distance of the ZnO nanorings was found to be 93 ±2 
nm, and the inner and outer diameters of the nanorings were around 31 ± 4 nm and 45 ± 3 nm, 
respectively [135].” 
 
 
 
Figure 5.4 Schematic illustration of the nanoring array fabrication using a PS-b-P4VP block 
copolymer thin film as a template [135]. 
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Figure 5.5 (Left) AFM image of the PS-b-P4VP film before methanol vapor treatment; (Middle) 
3D AFM image of the PS-b-P4VP film exposed to the vapor of methanol at 40°C for 2h  (500 
nm  x 500 nm); (Right) SEM image of ZnO nanoring arrays by using PS-b-P4VP block 
copolymer thin film as a template (scale bar = 100 nm) [135]. 
 
 
In this study, we will apply a single polymer block layer on the seeded glass surface by 
removal of one polymer block of a diblock copolymer through methanol vapor treatment film. 
The removal of the polymer block will leave holes in the film that provide direct exposure to the 
seed layer underneath the polymer film. From these seed layer sites, the ZnO nanowire will grow 
and there will still remain a polymer film between the glass surface and the nanowire array. 
Additionally, we will apply a TiO2 block layer via spray pyrolysis of a titanium based solution 
onto the glass surface, followed by annealing at a high temperature. Lastly, a hybrid block layer 
of TiO2 and P4VP polymer will be applied to the glass surface via spray pyrolysis. The polymer 
mixture is added to the titanium solution to form this hybrid film. 
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5.1.2 Experimental Procedure 
 
Preparation of Polymer Block Layer  
 
Before the polymer layer is applied, the seed layer must be coated onto the FTO 
substrate. Therefore, a 5mM ethanolic solution of zinc acetate dihydrate was spin coated onto the 
clean FTO surface and annealed at 400°C. The diblock copolymer was dissolved in chloroform, 
as it is a good solvent for both polymer components. Specifically, a 0.5 wt% solution of PS-b-
P4VP was prepared and spin coated onto the seeded FTO substrate at 3000 rpm. The polymer 
molecules then self-assembled into ordered P4VP nanodomains surrounded by a PS matrix. This 
thin film was then exposed to methanol vapor at 40°C for 2 h and then dried. The P4VP blocks 
were then shrank and moved to the interfacial region between the PS matrix and the P4VP core. 
Since the P4VP was essentially etched away due to vapor treatment, only the PS matrix remained 
on the substrate. Moreover, at the original sites of the P4VP polymer, there were holes that 
directly exposed the seed layer that was used as seeds to grow the ZnO NWs in the same manner 
as described in Section 3.2.  Figure 5.6 illustrates the experimental scheme to yield the polymer 
block layer based on the PS-b- P4VP diblock copolymer. 
 
 
91 
 
 
Figure 5.6 Schematic illustration of the experimental process of applying the polymer block 
layer based on the PS-b-P4VP diblock copolymer. 
 
 
Preparation of TiO2 Block Layer 
 The TiO2 was prepared from di-iso-propoxy titanium bis(acetylacetonate) (TAA) and its 
block layer was applied to clean FTO substrates via a spray pyrolysis method [136]. The 
substrate was placed on a hot plate whose temperature was kept at 400-450°C, and an ethanolic 
solution of 1M TAA was sprayed layer by layer from a distance of roughly 20 cm onto the hot 
substrate. Specifically, one spray corresponded to about one-tenth of one layer, and one layer 
corresponded to approximately 5 mL of the solution. There was a 30-45 second pause between 
every 5 sprays to ensure complete pyrolysis of the previous layer and to restore the original 
substrate temperature. Once the appropriate number of layers was applied, the coated substrate 
was then annealed further at 500°C for 1h in the air.  A schematic of the homemade apparatus for 
the spray pyrolysis technique is shown in Figure 5.7. 
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Figure 5.7 Schematic of homemade apparatus for the spray pyrolysis of TAA to form TiO2 
block layer. 
 
Fabrication of ZnO Nanowires on TiO2 Block Layer 
 
Formation of the seed layer on the block layer coated FTO was conducted by spin-
coating a 10 mM ethanolic solution of zinc acetate dihydrate.  SEM analysis showed that at least 
10 spin coating cycles were needed for a dense seed layer since the FTO substrate was covered 
with crystalline TiO2 as the block layer. The dense seed layer was annealed at 400
◦
C to form the 
ZnO nanocrystalline layer, and this seed application process was repeated to ensure uniform 
coverage of the seed layer. The seeded substrates were then fastened to the top of the chemical 
solution in a capped vessel. ZnO NWs were grown from the seed layer using a chemical bath 
deposition method in a 25 mM equimolar aqueous solution of zinc nitrate 6-hydrate and HMTA 
at 90
◦
C for 5 h.  Substrates were subsequently rinsed with deionized water and ethanol and oven 
dried at 95
◦
 C for 1h in air.  
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DSSC Assembly 
The substrate was immersed in a 0.5 mM ethanolic solution of a Ruthenium-based dye 
for 1 h. This dye is chemically named (cis-bis (isothiocyanato) bis (2,2’-bipyridyl-4,4’-
dicarboxylato)-ruthenium (II) bis-tetrabutylammonium and is commercially known as N719 dye 
from Solaronix. The counterelectrode was a platinum coated FTO glass plate (1x1 cm
2
-same 
type of FTO used as the substrate for nanowire growth). The Pt was brush-coated onto the FTO 
using a 5 mM solution of H2PtCl6 in 2-propanol and annealed in oven at 350-400° C for 1 h.  The 
Pt electrode could also be prepared by sputter coating the Pt target onto FTO glass. The iodide-
triiodide-based electrolyte solution, consisting of 0.5 M LiI, 0.05 M I2, and 0.5 M 4-
tertbutylpyridine in 3-methoxypropionitrile, was placed on the active electrode area drop-wise. 
The average active electrode area was around 0.3 cm
2
. The electrodes were separated by 
a 60-μm thermoplast hot-melt sealing foil (Surlyn by Solaronix) and sandwiched together with 
clips. A small space of bare FTO glass was uncovered for wire connection on the anode. The 
configuration of the solar cell was achieved by putting the ZnO nanowire face of the FTO 
substrate on the top of the counterelectrode in face-to-face fashion. A DS345 30 MHz (Stanford 
Research Systems) and a 4200- SCS (Semiconductor characterization system, Keithley 
Instruments Inc.) were used to examine the I-V curves under AM 1.5-type simulated sunlight. 
For all data, the corresponding illumination was 100 mW/cm
2
. Pictures of an assembled solar 
cell, the characterization systems, and system apparatus are shown in Figure 5.8. 
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Figure 5.8 (Top) Solar Cell; (Middle) Characterization System; (Bottom) Experimental 
Apparatus with SoLux Solar Simulator. 
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5.1.3 Experimental Results and Characterization 
 
 Before showing the results of the power conversion efficiency for an enhanced ZnO NW 
based DSSC due to incorporation of a block layer, it is important to know that the experimental 
results show that the average efficiency of a basic unmodified 1D ZnO NW based DSSC is 
0.01% (see Figure 5.9). The DSSC data along with the physical dimensions of the synthesized 
ZnO NWs are shown below in Table 5.1.  
 
 
Figure 5.9 J-V curve of DSSC based on an unmodified assembly of 1D ZnO NW array using 25 
mM equimolar concentrations of Zinc Nitrate Hexahydrate and HMTA. 
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Table 5.1 Physical Characteristics of ZnO NW used in DSSC and its Photovoltaic 
Characteristics.  
 
 For the case of incorporating the polymer block layer based on the technique to form a 
patterned diblock copolymer film, it was very difficult to determine whether the ZnO nanowires 
were growing from the holes exposing the seed layer sites. From the SEM image in Figure 5.10 
below, it is clear that a very dense layer of the ZnO nanowire array is fabricated. However, the 
density of the array is so high and the diameter of the holes are very small, therefore it cannot be 
concluded if the nanowires only grow at the specific hole sites. It was found that the desired 
surface of the diblock copolymer patterned structure was very difficult to control, and in order to 
get a suitable SEM image that captures the fundamental idea of this technique (growing the 
nanowires from the holes of the polymer surface) a very smooth surface was needed. For this 
purpose, it was decided not to pursue further modifications of this technique. Despite not having 
clear evidence of the nanowires growing from the seed layer sites (holes of polymer film), the 
efficiency of the DSSC incorporating the PS polymer layer still gave an improved average 
efficiency of 0.18 %. It is believed that this improvement is due to the polymer barrier that aids 
in reducing the contact of opposite charges at the FTO-electrolyte interface. 
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Figure 5.10 SEM image of ZnO nanowires grown from on seed layer sites with the PS polymer 
block layer. 
 
The next type of block layer studied was TiO2. The main challenge that was faced during 
this study was how to control the excessive amount of cracking in the TiO2 BL. Evidence of the 
critical cracking issue can be seen in Figure 5.11. Using a small representative portion of the 
entire TiO2 BL surface, we were able to estimate a total TiO2 BL coverage of approximately 
70%.   
 
Figure 5.11 SEM image of TiO2 BL. 
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Despite a complete coverage of the TiO2 BL, syntheses of the ZnO NWs onto the surface of the 
block layer were still pursued. From Figure 5.12, it is clear that the ZnO NWs grow on both the 
FTO glass surface and the TiO2 BL surface. From SEM analysis, we were able to calculate the 
nanowire density on the block layer and the FTO glass (NBL and NFTO, respectively), as well as 
the length and diameter of the ZnO NWs on the block layer and the FTO glass (LBL and LFTO, 
respectively; DBL and DFTO, respectively). The results confirmed that the density of the ZnO NW 
array grown on the block layer was higher than those grown simply on the FTO glass; the NBL = 
3.53 x 10
9
/cm
2
, while the NFTO = 8.80 x 10
8
/cm
2
. The higher density along the block layer is 
probably due to the seed layer being thicker in those areas. Smaller diameters tend to occur when 
the seed layer is thicker, and these results show that the DBL= 91 nm, while the DFTO = 133 nm. 
Furthermore, it is very typical to see higher density arrays when the nanowires are much smaller 
in diameter. The length, however, did not vary too much as the LBL = 2.2 µm, while the LFTO = 
2.4 µm. Generally, the amount of seed layer does not have a significant effect on nanowire 
length.  
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Figure 5.12 SEM images of ZnO NWs grown on TiO2 BL coated FTO substrates. a) zoomed out 
image; b) zoomed in image; c) zoomed in image of NWs on BL surface; d) zoomed in image of 
NWs on FTO surface. 
 
 
Although there was a concern with the amount of cracking in the block layer, the DSSC with the 
TiO2 BL was able to show promising performance with an average efficiency of 0.29%. 
Interestingly, the polymer layer did not have any issues with cracking, but the conversion 
efficiencies for DSSCs incorporating the polymer BL were still not as high as those 
incorporating the TiO2 BL. Polymers are known to have a much higher elasticity than crystalline 
materials, which allows a more uniform and flexible surface. Therefore, it was believed that by 
adding a flexible polymer to its precursor solution, the inorganic TiO2 layer would be held 
together during annealing. This would reduce the amount of cracking in the TiO2 block layer and 
would significantly reduce electron back transfer and yield better DSSC performance. Therefore, 
100 
 
P4VP polymer (10.0 wt. %) was mixed into the TAA solution and applied to the FTO substrate 
via spray pyrolysis to create a uniform film on the glass surface. The combination of TiO2 and 
P4VP BL allowed an average efficiency of 0.43 %, the highest of all the cases in the block layer 
study.  The addition of the polymer to the TiO2 eliminated the limitations of using a non-uniform 
block layer, allowing for an ideal barrier to prevent contact between the electrons at the anode 
and the oxidize electrolyte species. Figure 5.13 and Table 5.2 provide the photovoltaic 
characteristics of the DSSCs based on ZnO NWs with various block layers. Specifically in Table 
5.2, we see higher Voc values for these DSSCs with block layers compared to the Voc value given 
in Table 5.1 for DSSCs without block layers. The increase in Voc is a critical reflection of the 
reduction of electron back transfer. Voc is known to be strongly dependent on the charge 
recombination reactions taking place at the substrate-electrolyte interface; thus, a larger Voc 
value indicates the suppression of those reactions with the block layer.  
 
 
Figure 5.13 J-V curves of DSSCs based on 1D ZnO NW arrays incorporating block layers. 
(Pink) TiO2/P4VP BL; (Blue) TiO2 BL; (Orange) PS Polymer BL. 
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Table 5.2 Photovoltaic Characteristics of ZnO NW based DSSCs incorporating Block Layers. 
 
  
102 
 
5.1.4 Brief Summary 
 
  The purpose of the block layer was to reduce, if not eliminate, the occurrence of electron 
back transfer at the anode. Because there are spaces in between the ZnO nanowires, direct access 
is provided for the oxidized species of the electrolyte to join with the electrons at the conducting 
glass substrate. This leads to short-circuiting of the cell, which ultimately reduces the Voc.  In this 
study, we investigated the use of different types of block layers. The results revealed that in all 
cases, the Voc was increased from that of the base case with no block layer; and ultimately, the 
average efficiency was increased when the block layers were incorporated into the DSSC. The 
idea to add the polymer to the TiO2 mixture was so that the more elastic polymer would allow 
the rigid TiO2 BL to become more flexible, which in turn would reduce the risk of the crystalline 
layer hardening under temperature and cracking. The incorporation of the hybrid TiO2/P4VP 
block layer resulted in the highest Voc value of 0.759 and the highest average efficiency value of 
0.43%, which was an increase of more than 40 times the efficiency of the ZnO nanowire based 
DSSC without a block layer.  
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5.2 Three-Dimensional Zinc Oxide Nanowire Dye-Sensitized Solar Cell Designs 
5.2.1 Introduction 
 
There have also been many studies done on how to improve the aspect ratio of ZnO 
NWs. In particularly, researchers are trying to greatly enhance the length of the nanowires since 
it has shown in several studies that DSSCs with longer ZnO NWs yield higher conversion 
efficiencies. Xu et al. report a technique based on a liquid-phase chemical process that allows 
growth of very long ZnO NWs (up to 33 μm)  solely on the seeded substrate, preventing the 
formation of ZnO in the bulk solution [79]. These ultralong ZnO NWs were used as the 
photoanode for DSSC applications. The performance results of their DSSC experiments revealed 
that the power conversion efficiency increased with increasing ZnO nanowire length. The DSSC 
with the greatest nanowire length of 33 µm had an overall efficiency of 2.1% [79].  
 It is well known in this field of study that the more surface area that is created by the 
semiconducting nanomaterial of the DSSC, the more light can be absorbed. Therefore, the main 
universal goal is to increase the surface area of the semiconducting nanomaterial. Many 
researchers have equated increasing the surface area with increasing the nanowire length as 
reported previously. Despite the reporting of these ultralong nanowires, there still has been great 
difficulty in synthesizing nanowires longer than 10 µm. Therefore, in this research, we propose a 
way to increase the surface area and density of the ZnO NWs by designing DSSCs that would be 
based on a three-dimensional structure of ZnO NWs. Figure 5.14 illustrates how we propose to 
transform a 1D ZnO NW array into a 3D ZnO NW array. 
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Figure 5.14 Illustration displaying the transforming of a 1D ZnO NW array to a 3D ZnO NW 
array. 
 
This idea stemmed from a previous report by Sun et al., in which a direct integration of a Si NW 
core and ZnO NW branches is fabricated via a metal-assisted chemical etching process (Si NWs) 
and hydrothermal growth method (ZnO NW) [137]. The ultimate 3D nanoheterostructure, as 
seen in Figure 5.15, was used as a photodetector device. They report an overall conversion 
efficiency of 0.154 % [137]. 
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Figure 5.15 (a) Cross-sectional SEM image and (b) optical image of NW arrays on a 2 in. p-type 
Si wafer (etched for 5 min). (c) 45° view SEM micrographs of the ZnO/Si branched nanowire 
heterostructures at low magnification. (d) 89° view and (e) top view SEM micrographs of the 
ZnO/ Si branched nanowire heterostructures at high magnification. (f) LR-TEM image on a 
single Si/ZnO branched NW. (g) 45° view SEM image of a photodetector device with top ITO 
contact [137]. 
 
In this work, however, we propose to fabricate flower-like ZnO NWs based on a simple layer by 
layer (LBL) hydrothermal process. As seen in Figure 5.16, there are 1D secondary ZnO NWs 
that branch out in multiple directions from the tips of the primary 1D NWs by reapplying the 
seed layer and placing the sample into fresh precursor solution. This design still allows for a 
direct conduction pathway while achieving a higher dye adsorption due to the greater surface 
area and increased nanowire density that will improve the overall power conversion efficiency of 
the DSSC. 
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Figure 5.16 Schematic LBL growth procedure of 1D ZnO NWs into 3D ZnO NWs. 
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5.2.2 Experimental Procedure 
 
 
Fabrication of ZnO Nanowires  
 
ZnO NWs were synthesized using a hydrothermal chemical solution based method. High-
density ZnO NWs were grown on 1x1 cm
2 
seeded fluorine-doped tin oxide (FTO) substrates via 
the following steps. Formation of the seed layer on FTO was conducted by spin-coating a 10 mM 
ethanolic solution of zinc acetate dihydrate.  SEM analysis showed that at least 6 spin coating 
cycles were needed for a dense seed layer on the FTO substrate. The dense seed layer was 
annealed at 400
◦
C to form the ZnO nanocrystalline layer, and this seed application process was 
repeated to ensure uniform coverage of the seed layer. The seeded substrates were then fastened 
to the top of the chemical solution in a capped vessel. ZnO NWs were grown from the seed layer 
using a chemical bath deposition method in a 25 mM or 50 mM equimolar aqueous solution of 
zinc nitrate 6-hydrate and HMTA and 10 mM Polyethylenimine (PEI) (end capped, MW 800 
(LS), Aldrich) at 90
◦
C for 2.5 h. The PEI served as an agent to help increase the length of the 
nanowires.  
The samples were then placed in another fresh growth solution (25 mM or 50 mM 
equimolar aqueous solution of zinc nitrate 6-hydrate and HMTA) for another 2.5 hrs at 90
◦
C. 
Substrates were subsequently rinsed with deionized water and ethanol and oven dried at 95
◦
 C for 
30 min in air. This provided one layer of the ZnO nanowire array. To obtain subsequent layers, 
the same method was carried out for each layer: 1) the seed application onto the FTO substrate 
via spin coating; and 2) ZnO NW growth from that seed layer. As-grown ZnO NWs could be 
annealed further in air at 400
◦
C for 30 min to improve the crystallinity of the NWs and the 
interfacial structures.  
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DSSC Assembly 
 
The DSSC assembly and solar cell characterization process were performed in the same 
manner that was explained in Section 5.1.2. 
 
 
 
5.2.3 Experimental Results and Characterization 
 
The first experiment was conducted using the ZnO NW prepared from the growth 
solution containing 25 mM equimolar aqueous solution of zinc nitrate hexahydrate and HMTA. 
Figure 5.17 provides SEM images of various ZnO NW arrays exhibiting 3D flowerlike shapes. 
These are based on an equimolar starting precursor solution concentration of 25 mM.  From 
these top view images, it appears that as the number of layers increases, the overall density of the 
ZnO NWs increases. During this experimentation, it was observed that as more layers were 
included in the DSSC device, the short circuit current density of the cell increased. Figure 5.18 
and Table 5.3 provide data for the photovoltaic performance of these 3D ZnO NW based DSSCs.  
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Figure 5.17 SEM images of 3D ZnO NW arrays. a) 2 layers; b) 3 layers; c) 4 layers. 
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Figure 5.18 J-V curves of devices prepared with different numbers of ZnO nanowire array layers 
using 25 mM equimolar concentrations of Zinc Nitrate Hexahydrate and HMTA. 
 
 
 
 
 
 
 
Table 5.3 Photovoltaic Characteristics of DSSCs based on layers of flower-like ZnO NW arrays. 
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Looking at Figure 5.19, a clear trend exists in that as the number of layers increases, the 
overall power conversion efficiency increases. With four layers of ZnO NW arrays grown using 
this method, an average efficiency of 0.45% was obtained. The increase in efficiency is expected 
for devices with more layers since it is known that the short circuit current density of 
photovoltaics is directly proportional to the overall efficiency.  
 
 
Figure 5.19 Dependence of overall power conversion efficiency with different numbers of ZnO 
nanowire array layers using 25 mM equimolar concentrations of Zinc Nitrate Hexahydrate and 
HMTA. 
 
It is believed that an increase in precursor concentration leads to a higher density of ZnO 
NWs. A higher density of nanowires, in turn, typically results in an improved dye loading and 
better light absorption which significantly enhances the conversion efficiency of the DSSC. 
Thus, the purpose of the following experiment was to determine if the DSSC efficiency is 
influenced by the concentration of the precursor growth solution. We decided to base this study 
on a constant number of layers of ZnO NW arrays. Therefore, two groups of DSSCs based on 5 
layers of ZnO nanowire arrays were compared to study the effect of precursor concentration on 
DSSC performance. The first group of devices was based on 5 layers of the ZnO NW array and 
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was prepared as before using 25 mM equimolar aqueous solution zinc nitrate hexahydrate and 
HMTA, and 5 mM PEI. The other DSSCs were also based on 5 layers of the ZnO NW array but 
were prepared based on twice as much concentration of the precursor solution using a 50 mM 
equimolar aqueous solution of zinc nitrate hexahydrate and HMTA, and 10 mM PEI.  Figure 
5.20 shows the SEM images of these two types of five-layered ZnO NW arrays. Figure 5.21 
clearly shows that the higher concentration of starting materials produced a larger short circuit 
current density (Jsc). As expected, the data clearly showed that the higher concentration of 
reacting materials allowed for a higher overall power conversion efficiency. While it can be very 
difficult to measure and compare actual nanowire density, we believe that the increase in Jsc and 
overall efficiency was due to the increased nanowire density caused by a higher precursor 
concentration. The full photovoltaic characteristics of these DSSCs are provided in Table 5.4. 
With five layers of ZnO NW arrays grown using this method, an average efficiency of 0.72% 
was obtained in the case of 25 mM precursor solution concentration, and a 1.51% average 
efficiency was obtained in the case of 50 mM precursor solution concentration. 
 
 
Figure 5.20 SEM images of 5 layered ZnO NW arrays. a) 25 mM equimolar precursor solution 
concentration; b) 50 mM equimolar precursor solution concentration. 
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Figure 5.21 J-V curves of devices prepared using 5 layers of ZnO nanowire arrays using various 
equimolar concentrations of Zinc Nitrate Hexahydrate and HMTA.(Blue) 25 mM; (Pink) 50 mM. 
 
 
 
Table 5.4 Photovoltaic characteristics of DSSCs based on 5 layers of ZnO NWs using different 
equimolar concentrations of Zinc Nitrate Hexahydrate and HMTA. 
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The next study was to see if the block layer improved the performance of the 3D ZnO 
NW based DSSCs as it did with the 1D ZnO NW based DSSCs.  Figure 5.22 shows the SEM 
images of the five-layered ZnO NW array (using 50 mM equimolar concentration of precursor 
solution) grown on a block layer coated FTO substrate. Although earlier studies proved that the 
hybrid TiO2/P4VP BL was the optimal choice for electron recombination reduction and 
efficiency enhancement, the TiO2 BL was studied here also. From Figure 5.23, it is evident that 
as expected, the incorporation of the block layer also improved the performance of the 3D ZnO 
NW based DSSC. While the inclusion of TiO2 BL increased the average efficiency from 1.51% 
to 2.10%, the hybrid TiO2/P4VP BL increased the average efficiency from 1.51 % to 2.82%.  As 
expected, the highest Voc in this particular study was produced in the case of the 50 mM-based 
DSSC using 5 ZnO NW layers and a hybrid TiO2/P4VP BL. The full photovoltaic characteristics 
of this type of DSSC are provided in Table 5.5. 
 
 
Figure 5.22 SEM image of 5 layered ZnO NW arrays using 50 mM equimolar precursor solution 
concentration with the hybrid TiO2/P4VP block layer. 
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Figure 5.23 J-V curves of devices prepared using 5 layers of ZnO nanowire arrays using 50 mM 
equimolar concentrations of Zinc Nitrate Hexahydrate and HMTA. (Blue) without the BL; (Pink) 
with the TiO2 BL; (Green) with the TiO2/P4VP BL. 
 
 
 
 
 
Table 5.5 Photovoltaic characteristics comparison of DSSCs based on 5 layers of ZnO NWs 
using 50 mM equimolar concentrations of Zinc Nitrate Hexahydrate and HMTA that are with or 
without the BL. 
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The physical characteristic data for the ZnO NWs observed in this study are shown in Table 5.6.  
 
 
 
Table 5.6 ZnO NW Characteristic Data. 
 
 
 
 
Table 5.6 provides the approximate density of the top layer for varying number of layers 
of ZnO NW arrays. As a method of estimation of the nanowire density, SEM images were used 
to analyze the top layer of nanowires and the void areas to approximate the nanowire density. 
The data shows that there is a clear effect on the NW density and diameter as more layers are 
added. Earlier, it was inferred that the overall nanowire density increases as more layers of the 
nanowire array are added resulting in increasing Jsc values. However, as more layers are added, 
the NW density tends to decrease and the diameter tends to increase for that corresponding top 
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layer. This trend makes sense if you look at it from a seed layer point of view.  Mentioned as a 
possible growth mechanism in Chapter 2, crystal sizes tend to be smaller on thicker seed layers 
and small crystal sizes induces the growth of nanowires with smaller diameters. Moreover, as we 
apply more seed layer during each layer growth, the seed layer may not lay solely on the top 
surface; instead, some of the seed solution percolates through to previous layers of NW arrays. 
Therefore, the seed layer of the top layer tends to get thinner as you grow more layers. This 
would explain why the seed crystals are larger, thus growing NWs of larger diameters. 
Furthermore, the increase in diameter of the ZnO NW arrays on the top layer will cause a 
decrease in the NW density of that top layer on the same size substrate.  Another point of view is 
based on the fact that there is less space in between the nanowires in a very dense array, which 
increases the time it takes for complete diffusion of Zn
2+
. This slow diffusion then allows for the 
slower lateral growth of the nanowires (i.e., dense nanowires tend to yield thinner nanowires). 
Moreover, some researchers believe dense nanowires are relatively shorter, but in this study we 
have found that the effect of seed layer thickness on NW length does not follow any apparent 
trend. Lastly, comparing the 5
th
 layer based on 25 mM to the 5
th
 layer based on 50 mM, we see 
that density does slightly improve. This result confirms our assumption that improving the 
nanowire density can be achieved by increasing the precursor concentration. 
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5.2.4 Brief Summary 
 
  The flowerlike 3D ZnO nanowire structures were successfully fabricated in this study in 
an effort to enhance the surface area and increase the density of the ZnO nanowire array and 
effectively improve light harvesting of the DSSC. The results of this study showed that as the 
number of layers in the structure increases, the average overall efficiency increases as well. With 
ZnO nanowires grown using a 25 mM precursor solution, five layers of the 3D arrays yielded an 
average efficiency of 0.72%.  Then, we investigated the effect of precursor concentration of the 
3D nanowire arrays formed on the efficiency. It was determined that with ZnO nanowires grown 
using a 50 mM precursor solution, five layers of the 3D arrays yielded an average efficiency of 
1.51%.  The efficiency results in the case employing the 25 mM concentration and the case 
employing the 50 mM concentration gave results that were more than 70 times and more than 
150 times higher than that of an unmodified 1D ZnO nanowire based DSSC, respectively. Then, 
to confirm earlier studies exploring the effects of the block layer, this study analyzed the result of 
including a block layer into the design of a 3D ZnO nanowire based DSSC. The results 
confirmed that the efficiency results in the case employing the TiO2 block layer and the case 
employing the TiO2/P4VP hybrid block layer gave results that were more than 200 times and 
more than 280 times higher than that of an unmodified 1D ZnO nanowire based DSSC, 
respectively.  
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5.3 Ultra Dense Hierarchal Design of Zinc Oxide Nanowire Dye-Sensitized Solar Cells  
 
5.3.1 Introduction 
 
 
 The 3D scheme has proven to enhance the conversion efficiency of the ZnO NW based 
DSSC greatly; therefore, it was imperative to continue investigating other 3D based designs that 
could further enhance its efficiency. In addition to studying the growth of 1D secondary ZnO 
NWs from the tips of the primary backbone of NWs, this work also looks at growing 3D 
secondary NWs from the primary layer of NWs. This idea stems from many reports of multi-
layered and/ or branching ZnO NW structures. It is already clear that the enhanced surface area 
will significantly increase the conversion efficiency due to a larger amount of dye adsorption; 
moreover, the multiple layers of branching can increase the number of channels available for the 
light to pass through or get absorbed by the cell.  
 Xu et al. investigated specifically the benefits of synthesizing vertically aligned 
multilayers of ZnO NWs [103]. Their research exhibits a feasible approach to fabricating 
multilayer ZnO NW structures with the aid of a self-assembled monolayer (SAM) coating 
process. As seen in Figure 5.24, each layer grows ~10 µm length nanowires. Moreover, through 
the use of octadecyltrichlorosilane as the SAM, they were able to prevent wire fusion for 
subsequent layers [103].  The SAM on the top of the first layer is removed via ultraviolet ozone 
treatment, while the SAM between the nanowires remain to ensure that the growth solution does 
not penetrate between the sidewalls of the first layer of nanowires during the growth process of 
the second layer of nanowires [103]. Figure 5.25 provides SEM images of two layers of ZnO 
NW arrays fabricated by Xu et al. 
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Figure 5.24 Schematic process for synthesizing a two-layer assembly of ZnO NW arrays on 
transparent conducting oxide, green represents NWs and pink represents SAM [103]. 
 
 
 
Figure 5.25 SEM images. (a) First layer ZnO NW array, scale bar 10 µm; inset-optical image of 
a water droplet on the array after it was coated with a SAM; (b) Two-layer assembly of ZnO NW 
arrays, scale bar 10 µm; (c) Junction between the first and second layer of ZnO NWs, scale bar 
500 nm [103]. 
  
 
Branched tree-like ZnO NW structures were investigated by Ko et al [138]. Specifically, 
they enhance dye loading and light harvesting by synthesizing high surface area hierarchal ZnO 
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NW for DSSCS. Their specific growth mechanism is based on the combination of length-wise 
growth and branched growth, where the ZnO NWs are grown from ZnO quantum dot seeds 
[138]. With these hierarchal ZnO NW photoanode, they report an overall conversion efficiency 
of 2.63 % [138].  Figure 5.26 provides an illustration and SEM image of their branched ZnO 
“Nanoforest” structure. 
 
 
Figure 5.26 Schematic of Hierarchal ZnO Nanoforest and SEM of the ZnO Nanoforest [138]. 
 
In this work, the goal is to combine both ideas of multilayered ZnO NWs and branched 
NWs in order to get an optimized array of highly dense 3D ZnO NWs that will improve dye 
loading, increase light harvesting, and greatly increase the overall power conversion efficiency. 
More importantly, it is necessary to design a unique method of applying the seed layer that will 
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result in distinct multiple layers of the ZnO NW arrays. In the previous section the various NW 
arrays were based on applying the seed solution via spin coating, as done commonly in the 
literature, which allows the ZnO seeds to pass between the nanowires and attach to various 
positions along the sidewalls of the nanowires. With this type of seed application the nanowires 
can only grow outward and/or upward from the base nanowire. Also, it is very difficult for the 
nanowires to grow in between the nanowires and this can affect the density of the nanowire 
array. But more importantly, because the ZnO seeds will fall between the nanowires of the 
previous layers upon reapplication of the seed layer via spin coating, it is even more difficult to 
grow subsequent layers from the top of the previous layer that are visibly distinct from former 
layers. Figure 5.27 illustrates the limitations of applying the seed layer via spin coating of the 
ZnO seed solution. From this figure, it is clear that the seeds attach to random locations along the 
side walls of the nanowires, and some nanowires may not have seeds at the tips of the nanowires 
to grow distinct subsequent layers. Also, at some locations, the seed does not yield nanowires 
because it may be too difficult for the crystals to grow in between the nanowires, which results in 
the aggregation of the seeds between the nanowires as seen in the SEM image.  
 
Figure 5.27 (Top) Schematic displaying limitations with using the spin coating method to 
reapply ZnO seeds to form subsequent layers of ZnO NW array; (Bottom) SEM image of large 
crystal seeds clustered on NW sidewalls. 
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Contrastingly, here we report a seed application method based on the electrospinning of ZnO 
nanofibers as seeds. This technique eliminates the occurrence of seeds penetrating along the 
sidewalls of the ZnO NWs. Instead, these nanofibers lie directly on top of the NW array, 
allowing the subsequent layers of ZnO NWs to build upward in a clear and distinct fashion. 
Furthermore, the multiple arrays of ZnO NWs will be able to grow in a 360° fashion along the 
entire length of the nanofibers, yielding multi-dimensional nanostructures. Figure 5.28 illustrates 
the design process based on electrospinning of the nanofiber seeds. 
 
 
 
 
 
Figure 5.28 Schematic of design process for ultra dense multilayers of ZnO NW arrays via the 
electrospinning of ZnO nanofiber seeds.  
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5.3.2 Experimental Procedure 
 
 
Fabrication of ZnO Nanowires 
 
ZnO NWs were synthesized using a hydrothermal chemical solution based method. High-
density ZnO NWs were grown on 1x1 cm
2 
seeded fluorine-doped tin oxide (FTO) substrates via 
the following steps. Fabrication of the ZnO nanofibers as the seed layer on FTO was conducted 
via the electrospinning of a seed precursor solution containing polyvinylpyrrolidone (PVP) to 
form the film layer. The polymer-based seed solution was prepared by adding 0.5 g of zinc 
acetate dihydrate to 15 mL of pure ethanol with magnetic stirring at room temperature for 1h, 
followed by adding 10 g of PVP powder (Aldrich-MW 55,000) to the mixed solution with 
magnetic stirring at room temperature for at least 8 hrs to obtain a homogenous solution.  The 
homogenous seed precursor-containing polymer solution was then poured into a plastic pipette 
tip for electrospinning. The plastic pipette tip was placed at an angle of approximately 15° to 
control the flow rate of the polymer solution, and the distance between the pipette tip and the 
collector was fixed at 15 cm. A voltage of 20 kV was applied for electrospinning for 30 sec to 1 
min. The layer of seed nanofibers were collected on multiple substrates that were fastened to a 
secured stainless steel plate. The electrospun nanofibers were calcined at 600
o
C for 4h in a 
muffle furnace with a heating rate of 2
o
C/min to completely burn the PVP polymer and form the 
ZnO nanocrystalline layer. Figure 5.29 shows a schematic of the electrospinning apparatus, 
while Figure 5.30 provides the actual setup for the electrospinning process of the ZnO nanofiber 
seed layers. 
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Figure 5.29 Schematic illustration for the electrospinning apparatus used in the fabrication of 
ZnO nanofibers. Adapted from  [139]. 
 
 
 
Figure 5.30 Setup for Electrospinning ZnO nanofiber seed layers. 
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The seeded substrates were then fastened to the top of the chemical solution in a capped 
vessel. ZnO NWs were grown from the seed layer using a chemical bath deposition method in a 
50 mM or 75 mM equimolar aqueous solution of zinc nitrate 6-hydrate and HMTA and 10 mM 
PEI at 90
◦
C for 2.5 h. The samples were then placed in another fresh growth solution (50 mM or 
75 mM equimolar aqueous solution zinc nitrate 6-hydrate and HMTA) for another 2.5 hrs at 
90
◦
C. Substrates were subsequently rinsed with deionized water and ethanol and oven dried at 
95
◦
 C for 30 min in air. This provided one layer of the ZnO nanowire array. To obtain subsequent 
layers, the same method was carried out for each layer: 1) the seed application onto the FTO 
substrate via the electrospinning of the polymer based seed solution; and 2) growth of another 
ZnO NW array from the seed layer directly on top of the previous ZnO NW array. As-grown 
ZnO NWs could be annealed further in air at 400
◦
C for 30 min to improve the crystallinity of the 
NWs and the interfacial structures.  
 
DSSC Assembly 
 
The DSSC assembly and solar cell characterization process were performed in the same 
manner that was explained in Section 5.1.2. 
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5.3.3 Experimental Results and Characterization 
 
 The key concept in this particular study is the benefits gained by applying the ZnO seed 
layer via electrospinning of ZnO nanofibers. The use of the nanofibers as seed layers between the 
multiple layers of the ZnO NW arrays prevents seeds from penetrating in between the nanowires 
and attaching to the side walls of the nanowires. Instead, nanofibers only lie directly on top of 
the previous array of nanowires, which results in distinct multiple layers of the ZnO NW arrays. 
Figure 5.31 provides images of the first layer of ZnO NF on the bare FTO surface before and 
after calcination. 
 
 
Figure 5.31 Images of the ZnO NF. (a) Microscopic image before calcination at 600°C; (b) SEM 
image after calcination at 600°C. 
 
From the images, we can see that the nanofibers form a web-like pattern across the substrate. 
Figure 5.32 shows the SEM images of one layer of ZnO NW arrays grown on electrospun ZnO 
NF seeds at various magnifications. It is clear from all images that the ZnO NWs grow along the 
web-like pattern only and there are some empty spaces along the substrates where no nanowires 
exist. 
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Figure 5.32 SEM images of one layer of ZnO NW arrays grown on electrospun ZnO NF as seed 
at various magnifications. a) 186 X magnification; b) 695 X; c) 3.09K X; d) 9.41K X. 
 
 
In efforts to study this multilayer structure thoroughly, we aimed to fabricate a two layer 
structure of ZnO NW arrays from ZnO NF seeds, as shown in Figure 5.33, without any 
branching evident. The nanowires had an average length of approximately 2.5 µm, and the 
distinction between the separate layers was quite clear. We believe this is due to the fact that the 
seed layers are ZnO nanofibers. 
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Figure 5.33 SEM image of the 2 layers of ZnO NW arrays grown using LBL method with 
electrospun ZnO NF as seed.  
 
After successfully fabricating two layers via this ZnO NF approach, the next goal was to 
fabricate up to 5 different layers. Figures 5.34-5.35 and Figures 5.37-5.38 show SEM images of 
multiple layers (2-5) of unique branched ZnO NW structures.  
 
 
 
Figure 5.34 SEM images of 2 layer-branched ZnO NWs. a) Side view; b) top view. 
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For the third layer and subsequent layers, the ZnO NW morphology became very interesting. In 
particular, we began to see strong evidence of 3D “caterpillar-like” structures. These arrays were 
highly dense, and followed the same specific pattern of the ZnO nanofibers. The unique result 
here was that the ZnO NWs are able to grow in all directions around the nanofibers (see Figure 
5.35).  
 
 
 
 
Figure 5.35 SEM images of 3D “caterpillar-like” ZnO NWs grown from ZnO NF seeds. (a) 
view of 3 layers of multiple “caterpillar-like” ZnO NW structures; (b) close up view of NWs 
grown from NF seeds to form “caterpillar-like” structure. 
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Because of the electrospun nanofiber seeds, these “caterpillar-like” ZnO NW structures formed 
literally allowed growth of the nanowires along a 360° path around the entire length of the 
nanofibers. More importantly, the nanowires that form were extremely high in density (varying 
between 8 x10
10
/cm
2
-1 x10
11
) and small in diameter (~50 nm), and this contributes to enhanced 
light absorption that ultimately improves the conversion efficiency of the DSSC significantly. By 
comparing the most ideal synthesized 1D ZnO nanowire array to the 3D ZnO NW arrays grown 
in this study, it is clear that the technique that utilized electrospun nanofibers as the seeds 
resulted in denser and thinner nanowires (see Figure 5.36). 
 
Figure 5.36 a) 1D ZnO NW array with density ~2 x10
9
/cm
2
 and diameter ~90 nm; b) 3D ZnO 
NW array with density ~1 x10
11
/cm
2
 and diameter ~50 nm. 
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Figure 5.37 SEM images of 4 layers of ZnO NWs grown from ZnO NF seeds. a) front view; b) 
side view; c) side view tilted at 60°. 
 
 
Again in Figure 5.37, we see the combining of multiple layers (4 layers) of these much denser 
and thinner nanowires. Lastly, in the case of 5 layers, we observed a portion of the substrate that 
was covered with these multi-dimensional flowers exhibiting grandiose budding effects in 
addition to the “caterpillar-like” structures. Evidence of the budding multi-dimensional flower is 
shown in Figure 5.38. 
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Figure 5.38 SEM images of 5 layers of ZnO NWs grown from ZnO NF seeds at various 
magnifications. a) 900 X magnification; b) 2.03K X; c) 2.81K X; d) 3.57K X. 
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For characterization purposes, XRD analysis was performed on the sample of a multilayered 
array of ZnO NWs in efforts to verify the presence of crystalline ZnO. The XRD spectrum is 
provided in Figure 5.39. 
 
Figure 5.39 XRD spectrum of 3D multilayered array of ZnO nanowires. 
 
The XRD displays diffraction peaks of (100), (002), (101), (102), (110), (103), and (004) 
planes that correspond to the ZnO hexagonal wurtzite structure in the literature. The strong 
appearance of the (002) diffraction peak at 34.6° confirms the [001] as the fastest growth 
direction and verifies the high degree of crystallinity of the ZnO NWs. Compared to the 1D case, 
the intensity is lower at the (002) peak, but that should be due to the affinity of the multilayered 
structures to grow in other directions that allow a lesser degree of vertical alignment. 
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More importantly, the results of the average efficiencies of these multilayered structures based 
on ZnO NF seeds were remarkable in comparison with results from earlier studies. In the case 
where the precursor solution concentration was 50 mM, the average efficiency ranged from 0.91 
– 2.45 % efficiency, as seen in Figure 5.40 and Table 5.7. Furthermore, we decided to increase 
the precursor solution concentration to 75 mM for this particular study to see if the efficiency can 
be further enhanced. Figure 5.41 and Table 5.8 show that the average efficiency ranged from 
3.43 – 5.20 %.  And while the BL was not incorporated into these designs, based on our previous 
results, it is expected that the performance of these devices would be further enhanced. 
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Figure 5.40 J-V curves of multilayered NW arrays grown using LBL method with electrospun 
ZnO NF as seed and a 50 mM precursor solution.  
 
 
 
 
 
 
 
Table 5.7 Photovoltaic Characteristics of multilayered NW arrays grown using LBL method 
with electrospun ZnO NF as seed and a 50 mM precursor solution. 
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Figure 5.41 J-V curves of multilayered NW arrays grown using LBL method with electrospun 
ZnO NF as seed and a 75 mM precursor solution.  
 
 
 
Table 5.8 Photovoltaic Characteristics of multilayered NW arrays grown using LBL method 
with electrospun ZnO NF as seed and a 75 mM precursor solution. 
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Ultimately, these results have shown that enhancing surface area and density through unique 
multilayered designs can replace the idea of synthesizing long NWs in efforts to improve the 
overall efficiency of the DSSC. The ultra dense nanowires formed allowed for a significant 
increase in Jsc. Moreover, the enhancement of surface area and density is directly correlated to 
the increase in light absorption. Moreover, applying the model in Chapter 4 using the physical 
dimensions of one layer of these ultra dense ZnO nanowire arrays as model parameters (i.e., 
length of ~3 μm, radius of ~25 nm, and density of ~1x10
11
/cm
2
), the light harvesting efficiency is 
approximated as ~96%. Thus, as expected, an enhanced light harvesting efficiency results in 
improved DSSC performance.  
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5.3.4 Brief Summary 
 
 The objective of this study was to create a 3D ZnO nanowire based DSSC design that 
would further enhance the light absorption of the cell and ultimately further improve the DSSC 
power conversion efficiency. A branched-multilayered design of ZnO nanowire arrays based on 
ZnO nanofiber seed layers was chosen and it was proven to be the most successful of all the 
investigated designs. This technique utilized electrospun nanofiber seeds, which resulted in 
denser and thinner nanowires that improve the light absorption of the DSSC and ultimately 
improves its conversion efficiency as well. More importantly, this experimental value of 5.20% 
is the highest reported value for 3D ZnO NW based DSSCs. The SEM images showed unique 
web-like patterns that the ZnO NWs grew along, which illustrate a feasible way to grow 
patterned aligned nanostructures on the substrate. Moreover, these arrays formed the unique 
“caterpillar-like” structures that occurred due to the distinctive multidirectional growth from the 
nanofibers. With the five layered structure of branched ZnO nanowires grown from ZnO 
nanofiber seed layers, the average efficiency of 5.20% is more than 500 times higher than the 
unmodified 1D ZnO nanowire based DSSC.   
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CHAPTER 6 
CONCLUSIONS 
 
 There is still a lot of skepticism regarding the feasibility and effectiveness of employing 
DSSCs in the real world on a large industrial scale as one of the leading sources of energy. 
However, throughout this report, experimental data have shown that ZnO nanowire-based 
DSSCs in particular have a great deal of potential in the field of renewable energy. We have 
confirmed that the hydrothermal synthesis of the ZnO nanowires used in DSSC research has 
many advantages including the employment of lower reaction temperatures, inexpensive 
production costs, process simplicity and less rigorous synthesis conditions. The XRD spectrum 
verified the crystallinity and vertical alignment of the ZnO nanowires grown on FTO substrates 
under optimal conditions.  
 There were both experimental and modeling investigations performed to determine the 
highest possible performance abilities of specific DSSC designs based on ZnO nanowires. 
Specifically, the development of a theoretical model was explored in efforts to investigate how 
the geometry of ZnO nanowires affects the incident photon-to-current conversion efficiency of 
1D ZnO nanowire-based N719-sensitized solar cells at the maximum absorption wavelength of 
543 nm. This model allows one to see how the affects of geometry is coupled between both the 
LHE and APCE. So, it is important to understand how various combinations of the radius, 
length, and density affect the overall results of IPCE. This model allows you to approximate the 
optimal combination of the ZnO nanowire physical dimensions under specific constant 
parameters. The model revealed the important balance of having long enough nanowires that 
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contribute to the needed high surface area for greater light absorption, but at the same time are 
not too long where the charge collection efficiency is negatively affected due to L<<< d. The 
model also allows one to investigate the effects of using materials with fewer trap sites, high 
electron diffusivity, and slower recombination times. Additionally, from the results of the model 
we are able to see that the properties of the dye (e.g., the extinction coefficient) play a crucial 
role in the surface area needed to absorb high levels of light. Utilizing dyes with high extinction 
coefficient allows greater light absorption, which is very advantageous for shorter nanowire 
lengths. There ultimately has to be an optimal combination of the physical dimensions (i.e., 
surface area), dye loading, as well as recombination rate to yield both 100% LHE and 100% 
APCE to give the maximum obtainable IPCE.  There are various combinations of the physical 
dimensions, dye loading, and recombination rate constants that can yield a maximum IPCE 
value. The model can be used to identify which specific conditions are needed to yield maximum 
IPCE values. For an example, using the fixed model parameters (i.e., dye loading of 2.25 x10
-
10
/cm
2
 ZnO surface, recombination rate constant of 1000 s
-1
, m value of 0.7, and a Dcb of 0.1 
cm
2
/s), nanowire arrays with a nanowire radius of 50 nm, nanowire length of 20 μm, and density 
of 1.45 x10
10
 /cm
2
 of projected surface area (where surface coverage is ~95%, surface area is 
~870 cm
2
, and the absorption coefficient is ~1375 cm
-1
), the IPCE(543nm) is ~100% for a N719 
sensitized ZnO nanowire DSSC. Other ideal conditions can yield maximum IPCE values. 
Moreover, lower dye loadings and faster recombination rates would require greater surfaces 
areas to yield maximum IPCE results, and vice versa.  
 Experimentally, we were able to design unique ZnO nanowire based DSSCs that 
significantly enhanced the overall power conversion efficiency. The first objective was to study 
the effects of a block layer in the DSSC in efforts of controlling the problem of electron back 
142 
 
transfer. These results showed that the inclusion of a block layer certainly increases the Voc, 
which ultimately increases the efficiency of ZnO nanowire based DSSCs.  In particular, the 
inclusion of a distinctive hybrid TiO2/P4VP block layer allowed an increase of efficiency by 
more than 40 times. The next objective was to form 3D ZnO nanowire arrays to be used in the 
DSSC. These ZnO nanowire arrays formed unique flower structures and this design was able to 
effectively enhance the overall power conversion efficiency. Specifically, the five layered 3D 
structure of ZnO nanowires produced an average efficiency of 1.51%, and with the inclusion of 
the hybrid block layer that efficiency increased to 2.82%, which is more than 280 times higher 
than the unmodified 1D ZnO nanowire based DSSC. Lastly, the objective of designing 
multilayered ZnO nanowire arrays based on ZnO nanofiber seed layers was proven to be the 
most successful of all the investigated designs. In particular, these arrays formed the unique 
“caterpillar-like” structures that occurred due to the unique multidirectional growth from the 
nanofibers. With a unique structure of five layers of ultra dense and multidirectional ZnO 
nanowires grown from ZnO nanofiber seed layers, an average efficiency of 5.20% was obtained, 
which is more than 500 times higher than the unmodified 1D ZnO nanowire based DSSC. More 
importantly, this experimental value of 5.20% is the highest reported value for 3D and/or 
multidirectional ZnO nanowire-based DSSCs. This significant increase in DSSC performance is 
contributed to the enhancement of Jsc because of the highly dense ZnO NW arrays. Thus, the 
light harvesting efficiency was enhanced due to the presence of denser arrays of thinner ZnO 
nanowires, resulting in higher conversion efficiencies. 
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APPENDIX A: ADSORBED N719 DYE CONCENTRATION 
 
After N719 dye was loaded onto a sample containing an array of 1D ZnO NWs for 1 h, the dye 
was desorbed into a 5 mL solution of 0.1M NaOH in 50:50 (v/v) of water and ethanol. The 5 mL 
sample of desorbed N719 in the NaOH solution was collected for absorbance measurements 
using a UV-Visible Spectrophotometer (Agilent Technologies 8453).  Additionally, five known 
concentrations of N719 dye in solutions of 0.1M NaOH in 50:50 (v/v) of water and ethanol were 
prepared. These concentrations were 0.001 mM, 0.005 mM, 0.01 mM, 0.025 mM, and 0.05 mM, 
respectively. These five samples were collected for absorbance measurements as well to generate 
a calibration curve. The absorbance spectra of all six samples can be found in Figure A.1. 
 
Figure A.1 Absorbance spectra for N719 dye samples. 
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After analyzing all the data at 190 nm, 305 nm, 377 nm, and 515 nm wavelengths, it was found 
that the absorbance data at the 515 nm wavelength produced the best linear fit as seen in Figure 
A.2 below.  
 
 
Figure A.2 Calibration curve for N719 dye samples at 515 nm along with the best fit curve. 
 
In literature, most reports of the dye surface concentration are in units of mol/cm
2
. For the 
model, the units of the surface concentration of the N719 dye needed to be M, which is mol 
dye/volume of ZnO NW array. 
Calculating mol dye: 
Using the equation of the fitted curve,                     , we were able to determine the 
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Calculating surface area of ZnO NW array and Adsorbed N719 Concentration: 
                                                                     
                                                                  
  
                               
  
  
        
                                                           
                              
                                      
                             
                 
                    
                    
 
Calculating volume of ZnO NW array and Adsorbed N719 Concentration: 
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